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AHNAQZH 2YTTPA®EA AIAAKTOPIKHZ AIATPIBHX

O kdaTwBI uttoyeypaupévog NTouptOyAou [ewpyiog, Tou BaoiAeiou, uttown@Iog
010dkTopag Tou Tunuarog Emotnuwv Oivou, AutréAou & MoTwv TNG ZXO0AAG ETTIOTANWY
TPo@iuwyv Tou lNavetmoTnuiou AuTikhG ATTIKNG, dNAWwvw OTI:

«Eipal ouyypag£ag kai dIKaloUX0G TwV TIVEUMATIKWY OIKAIWPATWY ETTi TNG dI1ATPIBNS Kal
0ev TTPOORAAW Ta TTVEUPATIKA dIKalwpaTa TPiTwv. MNa 1N ouyypa@rn TG dIBAKTOPIKAG
Mou dlaTpIBrig dev xpnoiyotroinca oAOKANPO 1 PEPOG £pyou GAAOU dnuioupyol N TIG
10€e¢ ka1 avTIAqyelg GAAou  dnuioupyou Xwpig va yiverar avagopd oTtnv Tnyn
TpoéAeuong (BIBAio, dpBpo atmd epnuepida 1} TTEPIODIKO, 10TOOENiIdA K.ATT.). ETTiong,
BeBaiwvw 4611 auTth) n epyacia €xel ouyypa@ei atrd PEVA ATTOKAEIOTIKA KOl OTTOTEAEI

TTPOIOV TTVEUPATIKAG 1010KTNCIOG TOOO BIKNAG Hou, 600 Kal Tou 1dpUuaTOoG.

MapdBaon TNG avwTépw akadnuaikAg pou euBuvng atroteAei ouoiwdn Adyo yia Thv

QavAKANGCN Tou dIBAKTOPIKOU SITTAWUATOS HOUY.

NT1oupTdyAou 'ewpyiog
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MepiAnyn

210X0G6 TnG dIaTPIBAG QUTAG €ival va Blgpeuvnoel av N NAEKTPOdIATTEPATOTNTA TTOU
TTpoKaAei n Texvikn TNG PEF oTa pikpoBlakd, @uTIKA A Kal (wik& KUTTapa gival duvaTtov
va xpnoigotoin®ei  yia TNV €kXUAIon. Méxpr oTmiyung n  texvikn g PEF
XPNOIYOTTOIOUVTAV KUPIiapXa yia TNV atmrooTeipwaon 1 YEVIKA Tn d1IGoTTacn TOu KUTTAPOU.
Me 1n xprion 1ng PEF emdiwkeTal N aTTONOVWON ONUAVTIKWY EVWOEWV ATTO dIAPOPOUG
IOTOUG, O1I oTroieg UTTO AAAeG ouvlnkeg Ba artrairoloav PEYOAUTEPOUG XPOVOUG Kal
MEYOAUTEPN EVEPYEIA VIO VO aTTOPNOVWOOUV ) Ba KataoTpépovTay.

Eival mpo@avég o1 dev Ba ptropouce va PEAETNOEI TO OUVOAO TWV EVWOEWV TIOU
emrnpeddovtal ammd tnv PEF. 'ETol, onuavTikEG evwoelg Ba BewpPrOoUUE TIG APWHATIKEG
EVWOEIG TTOU eKXUAICovTal OTa TTOTA KATA T (UPwon atmo 10 TTEPIBAANOV TOUG, OTTWG
T.X. ammd 10 EUAO BapeAiol ) ammd TOUG MIKPOOPYAVIOPOUG TTOU CUPMETEXOUV OTn
(Upwon f atmd TTPOCOeon QUTIKWY I0TWV TToUu TTapadooiakd XpnoiyoTrolouvtal oTd
TTOTd, OTTWG O AUKIOKOG O0ToV CUB0. @a BewpriooUhE aKOUA TIG PAIVOAIKEG OUTIEG TTOU
Exouv 1010ITEPO  EVOIOQPEPOV YIO TNV avOpwITIvn uyeia OTTWG KATEXIVEG, TAVIVEG,
avBokuaviveg 01 OTTOIEC CUVAVTWVTAl OTa UTTOTTPOIOVTA TNG OIVOTToliag, OTTwG Td
oTEUQUAQ Kal ol BéoTpuxol. TEAOG, Ba PHEAETNBOUV EUEPYETIKES yIa TOV AVOPWTTO OUCIEG
TTOU TTPOCQATA UTTAKAV OTNV avOpwTITIivhn dIaTPpo®r, OTTWG Ta QAIVOAIKG TwV QUAAWY TNG
eNIGG.

ZKOTrOGg frav va atmodeixOei 0TI N vEa auTh TEXVIKH UTTOPEI VO OUYKATAAEXBEI avaueoa
OTIG KAAOIKEG TEXVIKEG EKXUAIONG KAl ATTOMOVWONG OUCIWY EITE ATTO QUTIKOUG I0TOUG EiTE
ammo Cuuwpéva TpO@IUa Kal TToTa €iTe atmd PloTexvoAoyikég digpyaoieg. Etmiong, Ot
MTTOpEI va augnoel TIG atTodO0EIG TwV €EKXUAIOEWV MPE €vav TPOTIO ATTIO KAl [N
KaTaoTpo@ikd. Ev katakAegidl, 6a PITOpOUCAPE va CUVOWIOOUME OTI N TEXVIKA AUTH
OTTOTEAEI PIa VEQ TEXVIKA ATTOMOVWONG TTOU WTTOPEI va TTPOOTEBEI OTIG BIOPNXAVIKES
TIPOKTIKEG.

Emiong, évag deutepelwyv OKOTOG NTav va OeIxBei OTI n TEXVIKA QUTA PTTOPEI va
eQappooTel ue évav vEo €EOTTAIOUO TEXVOAOYIKA, TTIO aTTAd, XWPIS va atraitouvTal
I010iTEPA NAEKTPIKG TTEDIO KAI CUVETTWG, AIYOTEPO ATTAITNTIKO, EVEPYEIOKA.

H Ttexvikn Tou TTaAAdpevou nAekTpikoU Trediou OTTwG Ba avaAubei oTnv TTapouca
dI1aTPIRN XWPEIZETAI O TUAUATA, NAEKTPIKA, UNXAVIKA Kal avaAUTIKA, TTAVTA PUE OTOXO TNV
EKXUANION peTaBoANiTwy. ETmriong péoa amd autd Tov dlaXwpIioPo emmMTEUXONKE KAl n
€EAAXIOTOTTOINON TWV AVAYKWYV OTA ETTINEPOUG TUAMOTA TNG dnuIoupyiag Tou Trediou, £TOI
WOTE va PTTouV o1 BACEIC yIa va UTTOPEI VO KATOOKEUAOTEN KAl va XPNOIMEUOEl OTn

Blounxavia.
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H nAekTpIKr TTAEUPA XwpPICeTal YE TN OEIPA TNG O€ 3 DIAPOPETIKEG EVOTNTEG:

1) 2xed100UOG KUKAWUATWY TTOU PTTOPOUV va TTAPAYOUV NAEKTPIKOUG TTOAPOUG aTTo
1000V £wg 5000V yia TTaApIK) EKXUAION PE TN XPrion NAEKTPIKOU TTEdioU.

2) Kataokeur HIKPOTEXVIKOU NAEKTPOBIOU TTOU DIEUKOAUVEI TNV EKXUAION.

3) Aig¢aywyn ekXUAICEwWVY yia va atrodeixBei 0TI TO KUKAWPA KAl TO NAEKTPODIO €ival o€
AgiToupyia.

To oxedloopévo nAEKTPOdIO KATEXEI KABOPIOTIKO POAG OTNV ATTOTEAECOUATIKOTNTA TNG
EKXUANIONG Katd Tnv ekTéAeon Tng Oladikaciag. ETtropévwg, n €mAoyry UAIKOU Kal O
oXedI00UOG €ival KOPPBIKAG onUaAciag yia Tn YETETTEITA TTOPEIA.

ATIO TTAeUpdG eKXUAIONG QUTIKWYV 10TWV, N diatpifr] auth Eekivnoe atmd Tov AUKIOKO Kal
TN XPron TOU OTNV PTTUPA. ZTOV AUKIOKO HEAETABNKE n eKXUAIOINOTNTA ATTO TO QUTIKO
UAIKO TOU, TWV TTIKPIKWY O- KAl B- 0EEwV, OTTWG N XOUROUAGVN Kal N AOUTTOUAGVN, KaBwg
KAl Ta TITNTIKA ApWUATIKA, OTTWG TO KAPUOQPUAAEVIO KOl TA AOITTA TEPTTEVIKA. H HEAETN
€0e1ge Ot 1o MMHI ptropei va BeATILWoEl TNV EKXUANIOIHOTNTA TwV a-0&EwV £ws Kal 20%,
EVW OUVEBOAE OTNV augnon TOUu KAPUOQPUAAEVIOU KOl TwV TEPTTEVIWV TNG TAENG ToU 6%.
MeAETWVTAG TTAVTA TNV PTTUPA, N MEAETN ETTEKTABNKE KAl O€ EVWOEIG TTOU TTPOEPXOVTAl
atro BIoOXNMIKA JOVOTIATIA PE PIOPETATPOTIEG, OTTWG TA PAIVOAIKA apwuata, n 4-Bivul
YOUQIKOAN (4-VG), éva tmapdywyo Tou @QEPOUAIKOU 0&E0G Kal TTapdywya Tou gUAou,
OTTWG N BaviAivn, N ocupivyKAAdeUdn, N AakTovn dpudg Kal n eoupPoupdAn o€ TTPOTUTTA
dlaAuuata. H xprion tou MHIM odAynoe oe augnon Twv TTNTIKWY KAt 234% MPETA TNV
EKXUAION o€ oxéon pe Ta Ociyuata TTou dev gixav utrooTei eTe¢epyaoia pe MHMM .

H T1exvikq tng PEF peAetOnke yia ekxuAioeig oe dladikaoieg META-CUPWTIKEG Kal
ETTEKTAONKE O€ UTTOTTPOIOVTA PE ONUAVTIKO TTEPIEXOUEVO O€ PIOEVEPYEG OUTIES, OTTWG Ol
BooTpuxol, Ta QUAAA TNG ENIAG, TO ACKOUNAO Kal n aypiokaoTavid. AT Ta QUAAA TNG
€NIGG EKXUNIOTNKE O POUTIVOCITNG TNG KOUEPKETIVNG KaI TNG ATTIYEVIVNG, O YAUKOCITNG OTIG
Béocig 7 kai 3 TNG AouTeoAivng kai n oAeotraivn. H BEATIOTN oupBoAr Tou MHI otnv
IKavOTNTA  €KXUAIONG OAIKwv TTOAUQaivoAwv Bpébnke o1o 38% pe 117% vyia
OUYKEKPIPNEVOUG PETAPBOAITEG. TENOG, OTnV ayplokaoTavid PNEAETABNKE n €TTidpacn oTnv
EKXUAION Tou veo XAwpoyevikou ogéog (Neochlorogenic acid) Tng Kap@epOAng Kal Twv
YAUKOQITWV TNG, TNG KOUEPKETIVNG KAl Tou YAAAKTOCiTn TNG. YTIO BEATIOTEG OUVONKEG,
oUPQWVa PeE Ta atroTeAéopaTa, UTTOpouv va eEaxBouv éwg kal 33% TTEPIOCOOTEPES
QAIVOAIKEG EVWDOEIG OE OXEON WE TA PN £TTECEPYACEVA OeiyuaTa.

AEGeig KAE1014: TMaAAOPEVO NAEKTPIKG TTEDIO, OTEAEXN CUPWY, EKXUAIOT, BEATIOTOTTOINON,
BiwoiydétnTa
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Abstract

The aim of this thesis is to investigate whether the electropermeability caused by the
PEF technique in microbial, plant or even animal cells can be used for extraction. So
far, the PEF technique has been predominantly used for sterilization, or in general, cell
disruption. The use of PEF seeks to isolate important compounds from various tissues,
which under other conditions would require longer times and more energy to be
isolated or be destroyed.

It is obvious that not all compounds affected by PEF could be studied. So we will
consider important the aromatic compounds that are extracted in the drinks during
fermentation from their environment such as the wood of the barrel, or from the
microorganisms involved in fermentation, or from the addition of plant tissues
traditionally used in beverages such as hops in beer. We will also consider the phenolic
substances that are of particular interest to human health such as catechins, tannins,
anthocyanins which are found in the by-products of winemaking, such as grapevines
and marcs. Finally, beneficial substances for humans that have recently entered the
human diet, such as olive leaf phenolics, will be studied.

The aim was to demonstrate that this new technique can be included among the classic
techniques for the extraction and isolation of substances, either from plant tissues or
from fermented foods and drinks, or for biotechnological processes. Also, that it can
increase the yields of extractions in a gentle and non-destructive way. In conclusion we
could summarize that this technique is a new isolation technique that can be added to
industrial practices.

Also, a secondary purpose was to show that this technique can be applied with a
equipment, which is simpler without requiring special electric fields and therefore, less
demanding, energetically.

The pulsed electric field technique as will be analyzed in this thesis is divided into
sections, electrical, mechanical and analytical always with the aim of extracting
metabolites. Also, through this separation, the minimization of the needs in the
individual parts of the creation of the field was achieved, so that the foundations could
be laid for it to be built and used in industry.

The electrical side is in turn divided into 3 different sections.

1) Design of circuits that can generate electric pulses from 1000V to 5000V for pulse
extraction using an electric field.
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2) Construction of a microtechnical electrode that facilitates the extraction.
3) Conduct extractions to prove that the circuit and electrode are operational.

The designed electrode plays a decisive role in the extraction efficiency during the
execution of the process. Therefore, the choice of material and the design are of crucial
importance for the subsequent course.

In terms of extracting plant tissues, this thesis started with hops and their use in beer. In
hops, the extractability from its plant material of bitter a- and -acids such as humulone
and lupulone as well as volatile aromatics such as caryophyllene and other terpenes
was studied. The study showed that PEF can improve the extractability of a-acids up
to 20% while it contributed to the increase of caryophyllene and terpenes by 6%.
Studying the wuse of PEF in beer making, the study also extended to
compounds derived from biochemical pathways with biotransformations such as
phenolic aromas 4-vinyl guaicol (4-VG) a derivative of ferulic acid, and wood
derivatives such as vanillin, syringaldedus, oak lactone, and furfural in standard
solutions. The use of PDP resulted in a 234% increase in volatiles after extraction
compared to samples not treated with PDP.

The PEF technique was studied for extractions in post-fermentation processes and
was extended to by-products with a significant content of bioactive substances
such as boletus, olive leaves, sage and horse chestnut. The rutinoside of
quercetin and apigenin, the glucoside at positions 7 and 3 of luteolin and oleopain
were extracted from olive leaves. The optimal contribution of PIP to the
extraction capacity of total polyphenols was found to be 38% with 117% for
specific metabolites. Finally, in the horse chestnut, the effect on the extraction of the
neochlorogenic acid (Neochlorogenic acid) of kaempferol and its glycosides, quercetin
and its galactoside was studied. Under optimal conditions, according to the results, up
to 33% more phenolic compounds can be extracted compared to untreated samples.

Keywords: Pulsed electric field, yeast strain, extraction, optimization, sustainability
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2 UVTOMEUOEIC, AKPWVUMIA, oUPBOAA Kal OpICHOI

PEF
MHN

™

IGBT
MOSFET

PE
PP
ODP
EDP
S.c
YYT
HPCD
YTMAA
PAA
SW
PNP
4-VG

Pulsed electric field

MaAASpEVO NAEKTPIKO TTEDIO

Taon pepBpavng

Insulated Gate Bipolar Transistor
Metal oxide semiconductor field-effect
transistor

MoAuaiBuAévio

MoAutTpoTTUAéVIO

MaApoi TaAdvTwong pe armroouvlBeon
ExBeTiKoi TTOAPOI hE atrooUvBeon
Saccharomyces cerevisiae

YwnAn YdpooTartikh Migon

High pressure carbon dioxide
YwnARg TTieong di0&gidio Tou dvBpaka
Peracetic acid

Square wave
Positive-Negative-Positive
4-BivuAyouaiakdAn

XV



[Meplexopeva

1 Fo1 073X 11 o RS Xi
Y 01 1 =T SRR Xiii
2 UVTOUEUOEIG, OKPWVUMIA, CUHUPBOAA KOI OPIOHON «.eeeeeeeeeeeeeeeiiiiaeaaeeeeeeeeeeinnaaeaeeeeeeeeees XV
N 11 1 oo Yo 1 o 11 RS Xix
SN (o 1 £ Yo 1 g e 1Y/ (T oo U SRR 1
PN o V13 f o To Yo o o] T 3
2.1 HAekTpodIaTTEPATOTNTA OFE ETTITIEDO KUTTAPOU .ttt eeeeeeeeiiiiiiee e e e e e e eeeeeennea e e 4
2.2 2uoxETion petatu dlaupepppavikng tdong kai Metagopéc pe AlapecoAdpnon
[ ¥ foToTe] o 4 1 £ oo § £o) g o (RSN 4
2.3 KivnTik TNG HAEKTPODIATTEPOATOTITOG e eeeeeeeiiiee e e e e e e eeeeeieeaa e e e e e e e eeeeeennnaaeeeeens 5
3. 2t1oixeia TNG TEXVIKAG MAANOHEVOU TTEDIOU ... . eeeieeeiiiiiiee e 8
3.1 H kuwelida eTe€epyaaiag OOV MUKVWTAG coovveiiiiiiiiee e 8
3.2  EmAoyn UAIKOU yIa TNV KATOOKEUR TNG KUWEANIDOG. .. .o eeeeeeeeeiiiceeee e 10
3.3 Eviacn NAEKTPIKOU TTEDIOU ....ccvvunieeiiiieeeeeieiiee e e ettt e e e et e e e et e e e e e e e e eeaaaeeaaees 11
3.4 H HOPPN TWV TTOAPUIV . .ceetiieeiitee e e ettt e e ettt e e e e e e e e et e e e e esaeeeeeesaaeeesesnaaaeees 12
3.5 TIAATOG TTOAHOU ...ttt e et e e e e e e e e e e e e e e e e e e e eeeeennnnanns 13
B0 2L T AN (o (1o ) 1 1 X <SPPSR 14
K A [ €1 RSP 15
4. E@appoyég Twv MHIT oTnV TEXVOAOYIA TPO@IHWIV weeveeeeeeeeeeeeeice e 17
4.1 ZUVTHPNON TROMIHWIV «.evtieeeiiiie e e et e e e et e e e e et eeeeeate e e e e eesaeeeeeaaaneeesesnnaaeees 18
4.2 MIKPOBIOKH OOPOAVOTTONNOT .evvvunnieeeriieeeeeeiiieeeeeeteeeeeeetaeeeeeestaeessssanaeeeresnnaaaeees 18
VA 3G T AN Yo Yo 1Y/} 1 (o1 aTe7 g 21 [0 o (€0 Y2 20
e 0T Y/ 1 o 20
A5 WO oo — e e e e e e e e e ——aaaaaeaaaaanaanaaaes 21
4.6 EKXUNON BIOOPACTIKUWY EVIIOTEWIV ..euneeeeeeeeeininiaaaeeeeeeeeeennnnnaaaaeeeeeeeennnnnnaaaeaens 22
4.7 TPOTTOTIOINGN TOU QRUAOU .....ciiieiiiiiieee e e e e et e e e e e e e e et e e e e e e e e e eeennnnnaeeeeas 23
4.8 Agiotroinon atroBAATWY a1Td BIOPNXavia TPOPIMWY KAl TIOTWV ..eeeeeeeeiiinnnnnnnen. 23
5. TloAAOUEVO NAEKTPIKO TTEDIO O CUVOUAOHO PE AAAEG UNXAVIKEG HEBODOUG ............ 24



5.1 TTHI Kol HITIO OEPUOKPOGIA ... e e e e e e e e e e e e e e e e e e e e eeeeeennnnnns 26

2 I | | e (T 1 0] (S 27
5.3 TIHIM ka1t YWNAR YOPOOTATIKN) TTIEON ..eeeeeeeieeeeeeee e 29
5.4  TIHIM ka1 YWnAAG Mieong AIOEEIDIO TOU AVOPAKQ .....ueeeeeeeeeieiiiieee e e 30
5.5 TIHI ka1 YITEPIWONG AKTIVOBOAID ... e e e 30
6. TIEPIANWEIG DNUOGIEUGEWIV ..eeeneeeeeeeeeeeiiiieee e e e e e e eeeeeaaaaa e e e e e e eeeeeeennnnaaaaeeeeeeeeennnnnnnns 31
20 AN o ¥ Lo Yoz £-AU o 1 o TN ISR 31
6.2  ANUOGIEUGT) [l..eeeee e e e e e 32
6.3  ANUOGIEUGT) [l ..t e e 33
6.4  ANUOGIEUGT [V oot e e 34
6.5  ANUOGIEUGTI V ettt e e e e e e e et e e e e eaaeeeaees 35
6.6  ANUOGIEUGTI VI ..ttt e e e e e e e eees 36
I AN g ¥ To Yoz £-AU o 1 TV A | E OSSPSR 37
6.8  ANUOGIEUGTI VI ... e e 38
6.9  ANUOGIEUGT) IX oot e e e e et e e e e eae e aees 39
D XTI VL 1 £=X0 o (o 1¥ o 4 {o QRS PPSURRPt 40
8. BIBAIOTPADIA. ... e aeasannssnsnssssnnsssnnnnnnsnnnnnnnnnnnnnnnnnns 42
AN ¥ T T EoA¥ o o I SRR 55
AN ¥ T EoAW o o T 1 SRR 79
AN ¥ T T EoAW o o T 1 1 SRR 96
AN o] ¥ oo EoAW o o T Y 119
AN o] ¥ oo EoA W o o N 143
AN o] ¥ oo EoA W o o Y A O 159
AN o] ¥ Lo T EoA W o 1 o MY A | S 179
AN o] ¥ Lo T EoA W o 1o MY A | | O 191
FAN o] ¥ oo EoAN o o T 1O 202

XVii



Meplexdueva eIKOVWYV

EIKOVA 1::HEINZ DOBVENSPECK......covieiiieieeeeeee et 1
Eikéva 2:Mpapuny tmmapaywyng yia 1xOudAeupa kai Aadl amd péyka (MpwTtdTutro
O1aypapua aTTO DoevensSpeck 1964 ) ... ... 1
EIKOVA 3:ZaGOTUIKO ...t 2
Eikova 4:2x€010 yeVVATPIOG TTAOAPWY TTOU KATOOKEUAOTNKE aTrd Tov Zagorul'ko 10 1955-
1957 (ZAgOrUlKO, TO58) ...ttt e e e e e e e e e e e e e e e e eaaeenees 2
Eikéva 5:Baoikr) apxni nAektpodidtpnong(Du et al., 2018)....covveeeieiiiiiiiiceeeeeeeeeee, 3
Eikéva 6: AIa@opd OUVOUIKOU HEMBPAVIG ....ceeieeeeeeece et e e e e e e eenens 4
EIkOva 7: H KUPEAIDQ GE POAD TTUKVIITI . euuuneeieiieeeeeeiee e e et e e e eeete e e e e et e e e e eaaeeeeeeanaeeeeees 9
Eikéva 8: MovoTroAIKOG KOl AITTOMKOG TTOAPOG . ...cceeiiiiiiiiiiiiieeeeeeeeeeeee ettt 12
EIKOVA 9: BiON TTOAHWIV ..ttt e e et e e e e e e e e e eeeenna e e e e e e eeeeeees 13
EIKOVA T0:1GBT ShOMt CIFCUIL......ceeeeeeeeeee e 16
Eikova 11: I'evvATPIa TTAANOUEVWV NAEKTPIKWY TTEQIWV O CUVOUACHO PE TEXVITH augnon
NG Bepuokpaciag (Lebovka et al., 2005) ......ccoeeiiiiiiiee e 27
EIKOVA 12: YTITTKQI PEF ...ttt e e e e e e e e e e eeaees 29

[MeplexOueva MVAKWY
Mivakag 1: Z1ddia diapeuBpavikAg Tdong o oxéon Pe Tov xpodvo (Kotnik et al., 2019)

XViii



AvTi I1poAdyou

RESOLUTION OIV-OENO 634-2020

TREATMENT OF GRAPES BY PULSED ELECTRIC FIELDS - (PEF) THE GENERAL
ASSEMBLY,

OIV-OENO 634-2020

TITLE:

TREATMENT OF GRAPES BY PULSED ELECTRIC FIELDS (PEF)
DEFINITION:

A process that consists of the application of sufficiently high pulsed electric fields (PEF)
to destemmed and crushed grapes that causes the permeabilization of the cell
membranes especially of the grape skins.

OBJECTIVES:
Treatment of red grapes destemmed and crushed by PEF to

Facilitate and increase the extraction of valuable substances such as polyphenols,
yeast available nitrogen, aroma compounds including precursors, and other substances
located inside the grape cells.

Reduce maceration time.

Treatment of white grapes destemmed and crushed by PEF to facilitate and increase
the extraction of valuable substances such as yeast available nitrogen, aroma
compounds including precursors, and other substances located inside the grape cells.

PRESCRIPTIONS:

The technique consists of the application of pulsed electric fields in the range of
nanoseconds to milliseconds which are sufficiently high to permeabilize the cell
membranes. The destemmed and crushed grapes are treated in at least one treatment
chamber with at least one pair of electrodes.

OlV recommendation:

XiX



Admitted.

Certified in conformity Paris-videoconference, 26th November 2020

The General Director of the OIV Secretary of the General Ass

O OIV ot1n ouvedpia TnG €IkooTNG 26 NogpPBpiou 2020 atmrogdcioe Tnv atrodoxr NG
TEXVIKAG TOU TTAAAOUEVOU NAEKTPIKOU TTEDIOU yIa TNV €TTEEEPYATiA TWV OTAPUAILOV
TTPOKEINEVOU VA ETTITEUXOOUV TA TTAPAKATW ATTOTEAEOUATA.

a) Emegepyaoia kOkkivwv  otaguAhiwv  pe  TIHIT  TTOU  €XOUV  TTPONYOUUEVWG
aTToBOoOTPUXWOEI Kal BPUPPATIOTEI, TTPOKEIMEVOU va ETTITEUXOEI N au¢non OIVOAOYIKWV
TTOAUTIHWY OUCIWY, OTTWG TTOAUPAIVOAEG, ACwTOo dIOBECIYO YIO TN PAYIA, OPWUATIKEG
EVWOEIG CUPTTEPIAANPBAVOUEVWY TTPOSPOUWY OUCIWV Kal GAAEG OUTieG TTOU BpiokovTal
MEOa OTa KUTTOPA TOU OTAPUAIOU.

B) Emegepyacia Aeukwyv oTaQUAILOV TTOU €XOUV aTTOOTAAEI Kal BpuppartioTei armro MHI
TTPOKEIMEVOU VO BIEUKOAUVOET N eKXUAION TTOAUTIMWY OUCIWY, OTTWGS TO dIaBEoIyo alwTo
NG CUUNG, Ol APWHATIKEG EVWOEIS CUUTTEPIAQUBAVOPEVWY TwV TTPOOPOUWY OUCIWVY Kal
AGAAeG ouaieg TTou BpiokovTal €A OTA KUTTOPA TOU OTAQUAIOU.

To gpyaoTtipio NG Biopyavikng Xnueiag tou TuApatog EmoTtnuwy Oivou, AptréAou &
Motwv Tou [MMavemoTtAuiou AuTikKAG ATTIKAG aoxoAeitar amd 10 2006 pe autiv Thv
TEXVIKN, KOTAOKEUALOVTAG Kal £QapuolovTag dIA@opa CUCTHUATA TTOU £XOUV 0av OTOXO
TNV €KXUAION TTOAUTIHWY CUCTATIKWY TTOU QQOPOUV TOV XWPO TNG OIVOAOYIag, TOV XWPO
TWV TTPOOBETWY UTTO TTPOIOVTWY (OTEPPUAWY) Kal AoITTwY GAAwV Kal TOV XWPO TG
BuvoTroinong.

To 2016 oto TTaykdéouio ouvédplo Tou OIV TTapouaciddel yia TTpwTn QOopAa TNV TEXVIKN
QUTH, EQAPUOCHEVN OTNV Taxeia TaAaiwon kpaoiwv.(Drosou et al., 2017a)

O oT16x0¢ ATav va euaicONToTTOINBEI N TTAYKOOWIA EPEUVNTIKI KOl TTAPAYWYIKA KOIvoTnTa
n otroia dpacTnploTTolEiTal yUpw atrd autdv TOV XWPEO, £TCI WOTE, VO aTTodexBei Kal
vadexBei TNV TEXVIKI AUTA n OTToia €ival TTApa TTOAU aTTA} oav pia €TTIONPN TEXVIKN
EKXUAIONG, ATTOPOVWONG KAl ATTO0TEIPWONG.

H ammdég@aon autrj Tou OIV avoige 10 dpOUO yia TNV EQAPPOYA MIOG TEXVIKNG N OTToia €iXE
TIPONYOUNEVWG MEAETNOEI yia GAAoug OTOXOUG, KABWG Kal yia Tn Xpron QutAg Tng
TEXVIKAG TTPOKEINEVOU VA ETTITEUXOEI TTOIOTIKWG, KOAUTEPN TrapaAafry PouoTou O€
OUVTONOTEPO XPOVIKO DIACTNHA KAl XWPIG ETTITTOVEG TEXVIKEG.

XX



®duoikd, n amoégacn auth) Tou OIV dev dpnoe povo 1o TTedio eAeUBePO OTNV oIvoAoyia,
aAAd odnynoe kal otnv epapuoyn Twv MNMHIM og ToAAG GANa QUTIKG pEPN, aAAG Kal o€
TTOAG GAAa CUpWPEVA TPOPIYA 1 TTOTA Kal €TTEKTAONKE OTNV QATTOOTEIpWON, OTNV
EKXUAION ONUOVTIKWY OUCIWwV aTtd @QUAAQ Kal KapTToug, aT1rd  UTTOTTPOIOVTA  TNG
oIvoTToiNoNG, OTTWG OTEPPUAA Kal BOOTPUXOI, KABWGS Kal AAAQ.
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1. loTopIKA avadpoun

ATIO TNV TTPOICTOPIKN ETTOXA €XOUV KATAYPOQEI TTPOOTTABEIES
| TOU avBPWTTIVOU YEVOUG va BIaTnpEi TIC TPOPES Tou, aAAG Kal
_ VA TIG BEATILOVEL. ZTO TTEPACHA TWV AIWVWV OIAPOPES TEXVIKEG
;' AVOaTITUXBrKav Kal TTpog TIG dUuo KaTeuBuvoelg. Me Tnv €Aeuon
. TOU NAEKTPIOPOU TOOO OI PEXPI TOTE TTAPAOOCIAKEG HOPPEG
e€ehixBnkav 600 Kal véeg apxioav va avatrtuooovTtal (Boarder
& Masood, 2019). & auto 1o TTAaiclo oTa péoa Tou 20°Y alwva
- dpxioe va avaTtrtuooETal N TEXVIKI TOU TTAAAOUEVOU NAEKTPIKOU
. Tediou amé Tov [epuavé Heinz Doevenspeck (1917—-1993)
3 - : | TTou av kal auBaipeTa amd TToAAoUG BewpeiTal 0 TTATEPAG TwV
Eikéva 1:Heinz Doevenspeck  THIT. Aiya gival yvwoTd yia Tnv TTpwipn Cwr) Tou TEPA atrd 10

OTI TPAUMATIOTNKE OTOV OEUTEPO TTAYKOOMIO TTOAEUO Kai OTI
aTTOQOITNOE aTTO AyVWOoTOo TTAVETOTANIO oav MnxavoAdyog Mnxavikég. MNapdAa autd,
T0 1960 KOTOBETEI OTO YEPMAVIKO ETTIMEANTAPIO TIATEVTWV TNV TIATEVTA HE OpPIBUO
DE1237541B 110U BeWwpeital To TTAAAIOTEPO KaTayeypappévo TTapadeiyua MHM (HEINZ,
1960.). AZIoAoywvTag TNV ATTOTEAECUATIKOTATA TNG TTATEVTAG TOU, CUVEPYACETAl YE PIa
TOTTIKN) €TAIPIO AAIEUPATWY YyId TNV KATOOKEUN MIAG TTPOTUTING MOVADAG ETTECEPYOTIAG
waplwy. lNeipduata TTOU TTPAyPATOTTOINONKAY O€ WOTOKA Trou)\slea £5€I§GV OTl Ol
TPOYEG TTOU NATAV ETTEEEPYOOUEVEG HE TA [0 : : =
MHM kar Tapdyovrav amd @TwxoTEPA OF
TTPWTEIVES 1XBUAAeupa ATAV TTOAU KAAUTEPES
amd Ta ouppatikd 1XBudAeupa aTtd TO
Mepou, ooov agopd Tnv amrédoon Tou
METABOAICPOU  TNG  CWOTPOPNG yia TO
OUYKEKPIMEVO  €id0G. 2TV elkova 2
Gaivetal n ypapun TTAPAYWYNAG
NG  1XOUOKAAAIEPYEIQG. H ™NYynR
BePUIKAG eTTegEpyaoiag EXEI
avTikataoTadei  pe  €va ouvotnua  THM.
Emiong, katd 1n OIdpKeEId TTEIPAPATWYV
TTOoU TTPayMOTOTTOINCE €KBETOVTAG TO
BaktApio Escherichia colioe

(Mpwrdrtutro d1aypauua amdé Doevenspeck 1964)



IMHMN, Tapartipnoe o1 6tav 1o 1edio €ival Katw atrd 3KV/ecm 101€ 0 pUBPOG avATITUENG
EMTAXUVETAI, EVW OTAV Ta CETTEPVAEl, O PUBPOG AVATITUENG TOUG UEIWVETAI EIiTE TA

BakTtripla eBaivouv (Sitzmann et al., 2017).

Tautoxpova oxeddv pe Tov Doevenspeck, OUo veapoi
Oukpavoi €MOTAPOVEG PNXAVIKAG Tpo®idwy, o1 Zagorul'ko
kal Flaumenbaum &ekivouv Tig dpacTtnpidTNTEG TOUG YA ThV
eQappoynl  TNG nNAEKTPIKAG  evépyelag oOTn  Blounxavia
Tpo@iuwy 10 1949. O Zagorul’ko peta&u Tou 1949 Kkai Tou
1953 TTPAyUATOTTOIEI TTPWTOTTOPIAKA TTEIPAPOTA HE OUVEXEG
Kal evVOAANQCOOPEVO PeUUO KOl TTAPATNPEI TNV KATACTPO®N

TWV  KUTTAPIKWY PEURPOVWY, pIO  SIGDIKAGIA TTOU TNV L

ovopadel nAektpotmrAacpdAuon. KabBwg Tta Treipduara Tou
ouvexifovTal, KaTa@EPVEl va TTAPAaAAREl XUPO CaxapOTEUTAWY
o¢ Oepuokpacia dwudTiou, uia dladikacia TTou Bewpeital
ETTAVACTATIKN YIA EKEIVN TNV ETTOXN. 2UVEXICOVTAG TNV £PEUVA

Eikéva 3:Zagorul'ko

Tou peTagu Tou 1953 kal Tou 1957, mrpoteivel Tnv xprion Twv MHI yia va TTETUXEI
nNAekTpoTTAaopOAUCn. [MpoTeivel €va ouoTnua Tmou €xel didpkela TTaAuou 20 us Kai
évraon mediou 20 kV/s, éva ouoTtnua TTou Bupicel éviova Ta ouyyxpova (Sitzmann et al.,

2017; Vorobiev & Lebovka, 2020).

.-~ Resistor  Discharge gaps
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Eikbva 4:5x€010 yevvnNTpIag TaAUWy mou KaTtaokeudaTnke arro tov Zagorul'ko ro 1955-1957 (Zagorul’ko, 1958)

O deutepog Oukpavdg pnxavikég Tpogipwy, o Flaumenbaum, Tnv idia mepiodo ekivael
TNV €peuvd TOU TTAVW OTn MEIwon Tou XpOvou ekXUAIoONG OI1Gopwy @QPoUTwY Kal
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Aaxavikwv. To 1949 dnuooielel TNV TTPWTN TOU €pyacia TTAvw OTnv €Tidpacn Tou
NAEKTPIKOU POPTIOU O OTAPUAIA PAAQ KAl KAPOTA. 2TNV OUVEXEIA, OUVEPYACETAI PUE TOV
pnxavikd Yablochnik yia va dnAwoouv Tnv TTaTtévia, aAAd Kal v KATOOKEUAOOUV €va
BiounxavikAg KAipakag ouoTtnua nAekTpoTTAaouOAucnG. H Ouykekpipévn eykaTtaoTaon
OOKIUAOTNKE O€ EpyooTAOIa QPOoUTWV Kal o€ diagopd oivotroigia.(Vorobiev & Lebovka,
2020)

2. HAekTpodiaTpnon

H nAektpodidtpnon (electroporation) eival éva BIoQuOIKO @aivOpevo KATd TO OTTOIO N
dlaTTePaATOTNTA  TNG  KUTTAPIKAG  MePBPdvng  audvetal.  YTrdpyxouv Ouo  €idn
nAekTpodidTpnong. H n avaoTtpéwiun mmou Aaupdver xwpa otav n dlatrepaTdTnTa TNG
KUTTOPIKAG MEUPBPAVNG €ival TTIPOCWPIVH Kal Ta €TTEEEPYACHEVA KUTTOPA TTIBILwvouV. H
NAEKTPOBIATPNON TTOU 0dNYEI O€ KUTTAPIKO BAvVATO gival yVwoTA KAl WG KN avacTpéWiun
nAekTpodidTpnon (Golberg & Rubinsky, 2013).

H 1TpwTn avagopd o€ autd TTou oApepa ovouddetal nAekTpodiaTpnon yivetal To 1754
armoé Tov J.A. Nollet. O TpwTtog Taparipnoe 61 6tav avBpwTmivog | (WIKOG 10TOG
ekTiBeTal 0€ NAeKTPIKO TTEDIO, TOTE gu@aviCovTal KOKKIVEG KNAiIdEG. Me Tnv TTPOGOdO TNG
EMOTAKNG KATA TOV 20° aiwva, ol KAAdoI TTou aoXoAouvTtav PE TNV NAEKTPOdIATPNON
yvwpicav paydaia emoTnuovikp Tpoodo (Rolong et al.,, 2017). Mia amdé Tng
ONMAVTIKOTEPEG OOUAEIEG TTOU KaTaypd@ovTal gival Tou Dr Zimmermann oTtnv oTtroia

TIEPIYPAPETAI N XPAON TNG AVACTPEWILNG n)\sKTpoﬁlannong yia TV oOVTNEN WETAEU TwV
A B ©, c P KUTTEPWV

. & NI (Zimmermann, 1982).
sy RPPRRRTRRRReNT

L O doodboodbesesss  TOo  QAIVONEVO  TNG
3 i _ NAEKTPOBIATPNONG  €XEl

vinly e D } OTTa0XOAACEI
/ . TTTTREe ;es7RRRR OGOPOS EmoTAUOVES
Positive Negative 006066066 ° '°0063o¢'5b amo 'ITO)\)\OUQ K)\060U§
pole pole MIag Kal Bpiokel
B . E 3 EQPAPMOYEG oTnv
- qoqo¢o$6§oooooo l0TPIKA, 0T BloAoyia,
Veitage — - ooﬁooboodéb&oaa omv. TEXVO)\OYIIC,X
'S S TPOQiJwyv  Kal  aAAou
J i Ty 2 (Carter & Shieh, 2015;

Eikéva 5:Bacikn apxn nAektpodidrponang(Du et al., 2018)



Tylewicz, 2020; Wei et al., 2021).

2.1 HAekTpodIaTTEPATOTNTA O€ ETTITTEOO KUTTAPOU

2xedOv  OAd  TO  KUTTOpPA
dlatnpouv  uia  diagopd x*10 mV x*10mv | | 1<x<o
NAEKTPIKOU OuvauIkou ﬁ

METAEU TNG EOWTEPIKAG Kal |7 ~

NG €EWTEPIKNAG TTAEUPAG TNG

MeEPBPAvVNG TTAdouaTOG.

AUT 1 B1u00pd BUVGLIKOY 0000000000000 000
dnuIoupyeiTal Kal pubpiceTal

atro éva ocUoTnUa KavaAiwy

IOVTWV Kal ovoudAdeTal TAoN

uepBpavng  (TM).  ZTa 000000000 0000000
EUKOPUWTIKG  KUTTApPQ, N

TAQon nNPEPiag TUTTIKG

Kupaivetal amé — 40 £WG —  Exéva 6: Aiapopd Suvapikou peuBpavng
70 mV. To apvntikd

TTpoonuo dcixvel TNV KateuBuvon Tou TTediou, ONAAdN OTI TO ECWTEPIKO OUVAMIKO Eival
XAUNAOGTEPO aTTO TO €EWTEPIKG. KaBwg auTtr] €ival N QUOIKA KATAoTAoN TWV PEPRPAVWY,
1600 Ta AITTIdGIO GCO Kal O TIPWTEIVEG, EEEAIXBKAV, WWOTE va €ival KAAG TTPOCAPUOCUEV
Kal va Asitoupyouv utré Tdoelg o€ autd 10 eUpog (Gimsa & Wachner, 2001; Kotnik &
Miklav¢i¢, 2000).

2.2 ZUOYXETION PETACU DlaPEUPBPAVIKAG TAoNG Kal MeTagpopEg e
AlapeooAdBnon HAektpodiatrepaTtdTnTag

H €kBeon evOg KUTTAPOU O€ €va eCWTEPIKO NAEKTPIKO TTEQIO €XEI WG ATTOTEAECHA N
dlapopd TAoNG OTNV KUTTAPIKY MEMPBPAvVN Katd Tn dIApKeEIa €KBEONG va gival avaloyn Pe
TNV éviaon Tou eEwTEPIKOU nAekTpIKoU TTEdiou (Kotnik et al., 1998). ‘ET1ol, o1 ekBEoeig o€
OPKETA IoXUPa TTEdia pTTOpOUV va TTpokaAéoouv TM TTou utrepBaivel Katd TTOAU TO



€UPOG NPENIAG TNG KAl TTPOKAAEI TOOO DOUIKEG aAAQYEG OTN PEPPPAVN 000 Kal aAAayEG
oTa OOMIKA TNG HOPIA TTOU BEV PTTOPOUV VA CUHPBOUV UTTO PUOIOAOYIKEG OUVONKEG.

MeTagU TWV TTI0 {EKABAPWYV Kal TTOAAG UTTOOXOPEVWYV TETOIWV ETTIOPACEWV Eival N
nAekTpodiatreparoTnTa (electropermeabilization) Tng pepPpavng. Mia Taxeia kai
OUCIAOTIKA aug¢non TNG dIATTEPATOTNTAG TNG MEPPPAVNG, TTOU YiVETAI AVTIANTITH) ATTO TN
OlOUEPPBPAVIKT HETAPOPA HOPIWV VIO TA OTTOIa MIa ABIKTN HEMPBPAVN €ival TTPAKTIKA
adiatrépaoTn (Pucihar et al., 2008; Yarmushet al., 2014).

2.3  KivnTikA TNG HAEKTPOBIATTEPATOTNTAG

H KUpia ouvETTEla TNG NAEKTPOBIOTTEPATOTNTAG TNG MEUPBPAVNG Eival N €1I0PON JOPiwV OTO
KUTTOPO, TTOU UTTO (QUOIOAOYIKEG OUVONKeG dev Ba ptTopoucav va dIaTmeEPACOUV TNV
MEMBPAVN, Kal n ekpor) Blopopiwv atd 1o KUTTAPO. H KivnTiKA TNG dlaueuBpavikng
METa@OPAG TToU AauBdvel xwpa AOYyw TnNG NAEKTPOBIOTTEPATOTNTAG, €XEI MEAETNOEI
EKTEVWG, ATTOKOAUTITOVTAG OTI N NAEKTPIKA aywyludtnTa Kal n dlaTrepaTtdtnTa NG
MEMBPAVNG augavovTal aviXveuoiua o€ AIYOTEPO OTTO Eva PIKPODEUTEPOAETITO (US) META
TNV €vapgn TOu NAEKTPIKOU TTOAPOU, PE TV TTpouttoBeon ot n TM utrepPaivel pia
OpPIoHEVN «Kpiolun» TiuA. O 0pOg KpioIun TIPR €0W XPNOIYOTIOIEITAI KATAXPNOTIKA UIOG
Kal dev egival KOBOAIKA oOT1aBepd, aAAG peTaBANT TTOU €€apTATAl ATTO MIa OE€IPA
TTapayoviwy. H KivnTikA TG SIQUEPPPAVIKNAG METAPOPAS UTTOPEI XOVOPIKA VO XWPEIOTEI
oe Tévie oTAdIa, OTTWG ouvowilovtal otov [livaka 1: n €vapgn TnG OdIOTTEPATAG
KATAoTAONG, N ETTEKTACN TNG, N OTABEPOTTOINON UE WEPIKA avAKTNON, N ETTavac@pAyion
NG MePPPAvNG Kkai TeAIKE, n oTadiakr) OI0KOTI AQUTWY TIOU  ava@EépovTal WG
UTTOAEITTOPEVA  ATTOTEAEOUATA  PVAMNG TTOU  AVTIKATOTITPICOVTAl OTIG  AAAOIWMEVEG
QUOIOAOYIKEG DIEPYOTIEG Kal aVTIOPACEIG TwV KUTTAPWY O dIAPOPOUG OTPECOYOVOUG
TTOPAYOVTEG.



Mivakag¢ 1 2tadia diaueuPpavikng raong oe axéon e rov xpovo (Kotnik et al., 2019)

‘Evapén: ‘Evapén tng nAekTpIKAG
ay(,uylpommg KO," 5IG‘IT£pGTOT[‘]TG§ TI:]Q NavodeuTepOAeTTTa (QYyWYILOTNTA)
MEUBPAVNG TTOU augaveTal avixveUoIua OTav n RS GETTE (ET R TETE)
Taon pepPpavng (TM) utrepPaiver TRV
«KpioIun» TIPA.
EmékTraon: Oco n TM mmapapével Tavw atrd
Tr’]v «KpigIun» TIPN, ’ Méxpl To TEAOG TOU TTAAOU
N aywyiuoétnTa Kai n diomepardtnTa
TTapauévouv Kai/f) evreivoval.
Mepik avdaktnon: Aol 1o TM méoel KATw
atro TNV «KEICIUN» TIPA, N AYWYINOTNTA KAl N
6|aﬂ£paTOTr]Ta MEIwvovTal vpny’opa aAAG OxI e T e
TTARPWG, oTaBepoTTololvTal . . .
. . . XINIOOTA TOU SEUTEPOAETTTOU (BIATTEPATOTNTA)
o€ avixveuoipa etrireda kal e§akoAouBoulyv va
EMTPETTOUV T SIANEPBPAVIKN SIGXUGH IOVTWV
Kal Jopiwv.
Emravaoc@padyion: H yeuppdvn avaktd
oTadIOKA TO PUOCIOAOYIKS TNG ETTITTEDO
olaTTepatoTNTAC (EKTOG €AV N BAGRN €ival pn AeUTEPOAETTTA £WG AETTTA
aAvaoTPEWIUN Kal TO KUTTAPO XAOEl TN
BiwaoiudTtnTa TOU).
MvApun: AKOun Kal JeETd TNV TTARPN
ETTAVAPOPA TNG MEUPBPAVNG OTNV APXIKN TNG
KATAoTOON, TO KUTTOPO UTTOPEI VO ETTIOEIKVUEI
AAAOIOEIG OTIG QUOIOAOYIKEG DIEPYOTiES Kal Opec
avTIOPAOCEIG OE OTPECOYOVOUG TTAPAYOVTEG
mpIv
EMMOTPEWEI TEANIKA TTANPWG OTNV KAVOVIKI] TOU
KaTaoTOOoN).



ATIO BewpnTiK OKOTTIA, N NAEKTPOdIATTEPATOTNTA TNG MEMBPAVNG €iTe TTPOKEITAI YIA
OUVETTEIO QOMIKAG avadiaTagng Twv AITMSIWV TNG €iTE XNMIKAG TPOTTOTTOINONG TOug 1
AEITOUPYIKN PpUBUION TWV TTPWTEIVWV TNG ) OUVOUAOPOG Toug, Ogv oupfaivel auoTnpd
TAVW OTTO €va OUYKEKPIMEVO KATW@AI NAEKTPIKOU @opTiou, aAAG egaptdtalr atrd
d1d@popoug TTapAyovTeg. AKOUA, EUTTEIPIKA, YIa KABE TUTTO KUTTAPOU, TUTTO POPIOU TTOU
METaQEPETAI, OIAPKEID €KOBEONG KOl OUYKEKPIMEVO OUVOAO ouvlnkwy, OTTwG n
Bepuokpacia, UTTAPXEl MIA KPIOIKN TIMA Tou TTedioU TTOU TTPETTEl VO EETTEPAOTEI yia va
YiVEl aviXVEUOIUN N METAQOPA PEOW NAEKTPOBIATTELATOTNTAG KAl UTTAPXEl MIa AAAn,
uwnAOTEPN Kpioiun TIuA Tou TTediou TTOU Oev TTPETTEl va EETTEPAOTEI O€ TTEPITITWON TTOU
gival emOuuNT N 0TaBEPOTTOINON, AVAKTNON KAl ETTAVOCQPAYION TG MEPBPAVNG.

O1 dueoeg TTaPATNPEAOCEIS MECW MIKPOOKOTTIOU QATTOKOAUTITOUV OTI N PETAQOPA HECW
NAEKTPOBIOTTEPATOTNTAG £CAPTATAI O€ PHEYAANO BaBud atrd 10 PEYEBOG KAl TO QYOPTIO TWV
Mopiwv. MIKpd pépia PTITopoUV £T01 va €I0EABOUV OTO KUTTOPO TOOO KATA Tn dIdpKEIQ
000 KOl PETA TOV TTOAMO, KAl MEOW TWV TTEPIOXWYV MEMPBPAVNG PE APKETA XAUNAQ
apvnTikl TM 1 apkera uvywnAn Betikp TM (Kotnik et al.,, 2010). MNa 1a @opTiopéva
owpartidla, n €i00d0¢ KaTa TNV dIAPKEIA TOU TTAAPOU €ival KUPIWG aTTO TNV TTAEUPA PE TNV
avTifeTn TTOAIKOTATA TNG TM, evw PETA TOV TTAAUG n €i0000¢ €ival WG €TTi TO TTAEiOTOV
O1dxuTn Kal TTPOEPXETAl Kal aTrd TIS dUo dldgpopeg duvauikou (Pucihar et al.,, 2008).
MeyaAuTtepa @opTiIoPéEVa POpIa eiIoEpXovTal HOvo KaTd Tn didpKeia Tou TTAAPOU Kal JOVOo
atré TNV TTAEUPA PE TNV avTiBeTn TTOAIKOTATA TNG TM (Paganin-Gioanni et al., 2011).



3. 21oixeia NG Texvikng MNMaAAdpevou trediou

3.1 H kuypelida emmegepyaaoiag oav MNMUKVWTAG

MapakdTw Tapoucialovral oI PBACIKEG APXEG TwV  TIUKVWTWY TIOU  TTPETTEl VA
akoAouBrooupe yia va avtiAn@Boupe TN ouvéxela autig TG OlaTpIBAg. lMa tnv
ETTECYNON TNG OXE0NG KUWEAIDAG - TTUKVWTI Ba XpNOIJOTIOINOOUUE TO ATTAOUCTEPO ATTO
Ta oxnuaTa KuweAidwy 1Tou KaTaokeudoTtnkav. H kuweAida Aoimmév autry atroteAolvTtav
ammd TAGKeg avoleidwtou XaAuBa (SS 316) diaotdoswv (100 * 100) mm? Kal Twv
OTTOiWV N PETAEU Toug atréoTaon ATav 5 mm.

E@apuodloupe oTI¢ TTAGKEG auTOU TOU TTUKVWTA Mia diagopd duvauikou ion pe 1000V.
Ocwpoupe OTI 0 TTUKVWTAG BpiokeTal uttd Kevo (€0 N atTOAUTN OINAEKTPIKA OTABEPG TOU
KevoU: £0=8,85E-12 C?/Nm?)

TOTE N XwpPNTIKOTNTA Toug C Ba ATav ion cuPewva Pe Tov TUTTO:

g0+5  8.85+107121072

T = et = Farad =7.05+10""F

Cc=-

To &€ @opTio OTIG TTAGKEG TOU TTUKVWTA Ba rTav ico JeE :
Q=C+V=705=10"13 %1000 = 7.05 * 10~1° Coulomb

To d¢ 1edio y€oa OTOV TTUKVWTA Ba ATAV i00 JE :

_v_ 100 o
~d 05+102 /m

ATTOJOVWVOUUE TOV TTUKVWTA atmd TNV TNyl TOU pPeUdaTOog TTou divel TR dlagopd
ouvauikoU Twv 1000V Kal Tov amTOPOVWVOUUE £TOI, WOTE TO POPTIO TOU VO TTOPAMEIVEI
oT1aBepd. Avdaueoa oOTIG TTAGKEG TOU TTUKVWTH TOTTOBETOUNE €va UAIKO TOU OTToiou n
OINAEKTPIKN OTaBePd = cival ion pe 4 kal uttoAoyidoupe TTpwTa TO TTEdIO PECA OTO
OINAEKTPIKO:

a

E =
Ep&g

OT1ro0 0 n TTUKVATNTA TOU £TTIPAvEIaKoU gopTiou dnAadr) 7,05*10-8 C/ m? dpa

E=3,18*104 V/m



vV
3.18 = 10* = 001 —= 318 volt

'Q ATTé T TTOPOTTAVW CUMTTEPAIVETAI OTI N
d1apopd duvauikou OTIG TTAAKEG TOU TTUKVWTH,
YEMIOMEVOU HE TO UAIKO TOU OTTOioU N
OINAEKTPIKN oTaBEPA €ival 4, gival 318 V.

H 8¢ xwpnmikéTNTa autoUu TOU TTUKVWTH TOU

gival ion:
. : 7,05 = 10710
HAeFtpLKo Eppadov @ _705-10 7 2,21 + 10" '2Farad
nedio E MAékac A V¥ 318

AuTi} €ival Kal N CUPTTEPIPOPA TNG KUWEAIDOG

Ataxwplopog MAakwy d MOG, TTAPOUCTIa EVWOEWV GAAWY UAIKWV Twv

OTTOIWV OUWG N BINAEKTPIKA oTABEPA dlaPEpPE!

amd 10 €va UAIKO oTo dAAo. Katd tn didpkeia autriig tng dIaTpIng, ouvavtioaue

O184@popPeC DINAEKTPIKEG OTABEPES, OTTWG AUTEG TWV AAKOOAIKWYV JEIYUATWY A QUTEG TWV

OTEPEWV TIOU  €TMPOKEITO va  UTTOOTOUV

EKXUNIOEIC 11 AGA\wv  UTTOTTPOIOVTWY  TWV

CUPMWOEWV OTTOU TTEPIEIXAV TTEPITTAOKA MEIYUATA TWV OTTOIWV 01 DINAEKTPIKEG OTABEPEG
NTav OUCKOAO VO UTTOAOYIOTOUV HE aKpPiBEIa.

Eikova 7: H kuweAida o€ poAd mukvwih

MNa va TTpoxwprnoouue oTV avdatTugn NG Bewpiag Tnv oTToia Ba TTAPOUCIACOUUE
TTOPAKATW, ag dexBolUue OTI oTnV TUTTIKA KuweAida pag Twv 100*100 mm? eixaue
TAUTOXPOVA 2 JIAQOPETIKA MECA TTANPWOEWG, TO €va HPE OINAEKTPIKN) oTaBepd S Kai
TTAX0G 2 mm Kal TO AANO pE OINAEKTPIKA OTABEPA 2 Kal TTAX0G 3 mm.

2TNV TTEPITITWON AUTH Ba TTPETTElI va €GeTACOUNE TO TTEQIO NECA O0€ KABE UAIKO TO OTTOIO
TTOPOUCIACEl DIAPOPETIKI) OINAEKTPIKI] OTOBEPA KAl KATA OUVETTEID, va [BPOUpE TO
OUVAMIKO OTIG TTAGKEG TOU TTUKVWTI TOU, KABWG Kal T OUVOAIKH XWPENTIKOTNTA TOU. ZTO
TTPWTO aTTO Ta UAIKA pE DINAEKTPIKN oTaBepd 2 o TUTTOG:

a
E = =
foéqg
Mag Oivel pia Tiur n oTToia ival ion Ye
vV
4+ 10%—
m

EVW OTO OEUTEPO DINAEKTPIKO N TIYA €ival



Vv
10° —
m
Apa 10 duvauikG OTIG TTAAKEG TOU TTUKVWTH Tou Ba Atav ico pe 10 dBpoloua Twv 2

ouvauikwy, dnAadr 80 + 300 tepitrou 380 V n d¢ xwpnTikOTNTA Ba ATAV iON ME:
4,66*10'" Farad.

A6 6oa avagEpovTal TTaPATTAVW, CUUTTEPAIVOUUE OTI N KUWEAIDO PAG CUPTTEPIPEPETAI
oav €vag TTUKVWTNG. H dINAekTpIKr) oTaBepd cival Ta TTpoidvta, dnAadr) ol 10Toi padi he
TOUG DIOAUTEG KAl Ol EVWOEIG O1 OTTOIEG TTPOKEITAI VA EKXUAIOTOUV yia va TTapaAn@Bouv Ta
d1dgpopa popla Ta oTroia pag eival amapaitnta.(de Haan & Willcock, 2002; Jain &
Rymaszewski, 2004; Kaiser, 1993; Munshi, 1995)

3.2 EmAoyn UAIKOU yia TNV KATAOKEUN TNG KUWEAIDQG

Eival mpogpavég ammd 1a Trapatmmavw  Aoimrév, OTI TA TOIXWHATA TWV  KUWEAIdWV
AeIToupyouv wg NAEKTPOdIa. H €TTIAOYI TWV UANIKWYV YIO TNV KOTAOKEUN TOU NAEKTPOdIoU
UTTAYETAI O€ PJEPIKOUG TTEPIOPIOPOUG. O1 BACIKEG ATTAITHOEIG Eival:

e HAekTpIK& aywyipo

e YynAn avtoxn otn didBpwaon (Xnuikn)
e Avtoxn otnv lNMapaudpewaon

e dtnvo

e Mn T0¢IKO

2XETIKA WE TIG ATTAITAOEIS TTOU QVAQEPOVTAI TTAPATTAVW, METAAAA Kal TTEPIOPIOUEVA
TTOAUMEPH) HTTOPOUV VA ETTIAEYOUV WG KATAAANAQ.

MoAupepry, OTTwG n TUPPOAN Kal n TToOAUAVIAivn €ival TTapAdEiyNaATA AyWYILWV
TToAupepwy. To TToAuaiBuAévio (PE) kai o TToAuttpoTtuAévio (PP) ptropouv etriong va
KATOOTOUV QywyIya YETA at1rd uTToRoAn o€ €101k peTaxeipion. METAAAa OTTwG aAoupivio,
avoEeidwTog XaAuBag, XaAkdg Kal To TITAvIo duvaTal £TTIONG va XPNOIKOTTOINBoUV.

To ahoupivio €xel TNV UWPNASTEPN NAEKTPIKN AywyIiuoTNTA MPETALU TWV TECOAPWYV
METAAAWV TTOU TTpoavagépovtal. H uywnAn aywyiydétnta Tou Bonbd oTtn peiwon Tng
ammwAeIag evépyelag TTou AauBdvel xwpa, AOoyw TN WUIKAG Bépuavong. Qotdéoo, Ta
METAAAa BuBifdueva o€ uypd Teivouv va dlaBpwvovTal eUKOAGTEPA. AgvOpITIKA vAPATIO
edpavifovral va ouvdéouv Tnv Avodo Kal Tnv K&Bodo ot TTOAU OUVTOPO XPOVIKO
d1doTnua étav aokKeiTal TTAAPIKO NAEKTPIKO TTEDI0. AUTO €XEl WG ATTOTEAEOHUA TN PEIWON
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Tou Xpoévou Cwrig Tou nAekTpodiou. ETTopévwg, n emioTpwon PE PHOVWTIKA UAIKA gival
ATTaAPAITNTN YIA VA ATTOTPEWEI TN OIARBPWON TWV JETAAAWV.

3.3 'Evraon nAekTpIKoU TTEdiOU

H amdéoTtaon diaxwpiopou Kal n Tapoxr 1dong kabopifouv TNV 10XU TOU NAEKTPIKOU
Tediou

p2
VZ_V]_:J- .E"i‘l‘.':l!!I
rl

Otrou V; — V; : H diagopd duvapikou petagu avodou P1 kal kaBddou P2

E 10 duvaIKO TOU NAEKTPIKOU TTEdioU Kal | n arrdéoTaocn YETALU TWV TTAAKWYV (avOdOoU Kal
KaBddou, TTAAKEG TOU TTUKVWTH)

Na v atrAoUoTEUCT UTTOPOUNE VA XPNOIUOTTOINOOUNE TOV TTAPAKATW TUTTO

E— Vv

1
Omou V n diagopd duvauikou PeTagu avodou kal kaBddou kal | gival n ammdéoTaon
METALU avodou Kal KaBodou.

ATIO TnV ggicowaon cival caég OTI giTe augnon TnG TAong TPoPodOaiag €iTe N Yeiwon TNG
ATTO0TAONG METALU avOdou Kal KaBOdou odnyei o€ aufnon Tou NAEKTPIKOU TTEdiOU.
(Ashby & Jones, 2012; Francois Cardarelli, 2008; Simon & Gogotsi, 2008)
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3.4 H pop®n Twv TTOAPWY

YTTApX0ouUV 2 YEVIKEG KATNYOPIEG TTAAPWY, O POVOTTOAIKOG Kal 0 OITTOAIKOG. Av Kal O
MOVOTTOAIKOG TTAAUOG BewpEiTal TTIO ATTOTEAEOUATIKOG, UTTAPYXOUV I0XUPEG EVOEIEEIG OTI
BAGTTTEl TTEPIOOOTEPO TO NAEKTPODIO. To TEdiO E TTOU gvepyei OTO NAEKTPODIO DIAPKWG
atro v idla KaTeuBuvaon TTapéxel TTPOCOETN evEPYEIA YVIA TA JETAAAIKA 1OVTA TTOU TEIVOUV
vVa JETAVAOTEUOOUV aTTd TNV Avodo oTnv KGBodo.

O MOVOTTOAIKOG TTOAMOG €TTIAEXBNKE O AUTO TO £pyo, KABwG n atrdédoon eKXUAIONG
MTTOPEI va JEYIOTOTTOINOEI.

M€pa ammd Tnv yevikh KATnyopia Twv TTAAYWV ETTPETTE va €TTIAEXOEI KAl O TUTTOG TOU
TTOAMOU.

21NV e@apuoyn Twv MHI ota 1pd@Iya €ite yia Aoyoug atrooTeipwong €iTe yia Adyoug

i

Eikova 8: MovotroAikog Kai AITToAIKOS TTaALOS

EKXUAIONG, £xouv avaepOei Tpia €idn TTAAPWY:

e TTOApOI TOAGvTWONG pe armroouvBeon (ODP- Oscillatory Decay Pulse),
e eKkBeTIKOI TTOAMOI e attoouvOeon (EDP- Expontantial Decay Pulse)
o TETPAYWVIKO KUPa (SW- Square Wave)
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<

<

(b)

Eikéva 9: Eidn maAuwv

(c)

L

ODP avayvwpietal wg 0 TUTTOG TTAAYOU ME
TO MIKPOTEPO ETTITTEOO ATTOTEAECUATIKOTNTAG,
ylati Abyw TnNG UONG Tou Oev ETITPETTEI TN
ouvexn €kBeon o€ nAekTpIKG TTEdiO UWNARG
évraong yia PeydAo xpovikd didotnua. Atrd
TNV AAAN TTAeupd, evw 10 EDP TTapouciddel
Mia dpaoTIKA auénon Tng TAong, 0 PuBPOG
arroouvBeong Tou eival TTOAU apydg Me
ATTOTEAEOHA VA TTPOKOAEI pIa “pakpId oupd™
TTou TTapayel emtAéov BepudtnTa, n oTroia
gival IKavr va KataoTpéWel OAOKANPWTIKA Ta
KUTTOpa. AVAUECQ OTOUG TPEIG TTAAUOUG, TO
TETPAYWVIKO KUPA TTAPOUCIAdEl TNV PEYIOTN
ATTOTEAEOUATIKOTATA, Q@OU TTapadidel TO
MEYIOTO duvaTo TTEdIO XWPIG va €xEl XpOVOUG
arroouvBeong. (Griffiths, 2017; Pai & Zhang,
1995)

[MAGTog TTaApoU

O oxedlaopog nAekTpodiwyv yia 1o MNHIM gival otV oucia o oXedIOOPOG VOGS TTUKVWTH.
AuTO €gnynNBnke avOAUTIKA OTIG TIPONYOUUEVEG €VOTNTEG OTIOU TTEPIYPAWAMNE TNV
KueAida oav €va TTUKVWTH. Z€ auTh Tnv &voTnta, Ba aoxoAnBouue pe Tov XPOVO
@OpTIONG autoUu Tou TIUKVWTA. H €giowon @OpTIoNg yia TOV TIUKVWTH MTTOPEi va

EKPPAOTEI UE

Q=C*V[

t
1 —e_ﬁ}
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OTtrou Q €ival T0 ouvoAikd @opTio TOU TTUKVWTH, C gival n XwpnTikOTNTA TOU TTUKVWTH, t
gival 0 xpévog eoépTIoNnG Kal R n avtiotaon Tou KUKAWPATOG

ATIO TNV TTOPATTAVW £5icWanN, €ival TTPOPAVEG OTI O XPOVOG POPTIONG OXETICETAI JE

TNV em@daveia Tou nAekTpodiou. ETTopévwg, €dv N eMIQAVEIQ TOU NAEKTPODIOU gival TTOAU
MEYAAN OAAG TO TIAGTOG TOU TTOAMOU €ival TTOAU HIKPO, O XPOvoG QOPTIONG TOu
NAekTpodiou PTTOPEI va gival avetrapkAg. ‘ETol, n évraon tou 1rediou E TOU ouoTiuatog
oev Ba @Tdacel TNV TTPORAETTOMEVN TIMA KAl N IKAVOTNTA £KXUAIONG Ba gival peiwpévn. O
XPOVOG QOPTIONG MTTOPEI Va ekppacTei e RXC. ATTO autd UTTOPOUUE VO CUPTTEPAVOUNE
OTI N KABe kKuweAida avdloya pe TOV €uPadOV TNG Kal TO UAIKG TnG Ba €xel Kal
O1aQOPETIKO eAAxIOTO XpoOvo @opTions.(Barbosa-Canovas et al.,, 1999; Barbosa-
Canovas & Altunakar, 2006; Griffiths, 2017).

3.6 AlakoTITEG

O dI1aKATITNG €K POPTIONG TTAICElI £TTIONG KPIOINO POAO OTNV ATTOBOCN TOU CUCTAMATOG
IMHM. O TUTTOG TOU BIOKOTITN TTOU XPNOIPOTIOIEITAI Ba KABopioel TTOCO ypriyopa UTTOPEi
VO a1TodWwoEl Kal TTO00 peUpa Kal dlagopd Taong utropei va avtégel. Me augavouevn
ocipd didpkelag Cwng, o KatdAAnAol dIakoTITeG yia cuoThpata MHIM trepiAapBdvouv:
ignitrons, spark gap, trigatrons, thyratrons kai nuiaywyoug. O1 dIOKOTITEG NUIAYWYWV
oTEPEAG KaTAoTOONG Bewpouvtal atrd Toug €10IKOUG WG TO MEANOV TNG METAYWYNAG
UWnAnRG 1I0xU0G.

MeTA Tn OUOKEUN aTTOBNKEUONG EVEPYEIAG, O BIAKOTITNG Eival TO TTI0 ONUAVTIKO OTOIXEIO
MIAG YEVVATPIOG TTAAMWY UWNARG 10X00¢. O SIaKOTITNG 1) N ougTolXia €ival Ta oToIxXEia
ouvOEONG METAEU TNG OUOKEUNG ATTOBNKEUONG Kal TOUu onueiou ektovwong. O xpdvog
avodou, TO OXNUA Kal TO TTAGTOG TOu TTAAPOU €E¢OdOU TNG YEVVATPIAG €COPTATAI O€
MEYAAO BaBuo atod TIG 1I010TNTEG TwV BIAKOTITWYV. OI YEVVATPIEG PE XWPNTIKEG OUOKEUEG
aTroOnKeuong Xpelagovtal OIOKOTITEG KAEICINOTOG, EVW Ol YEVVATPIEG ME ETTAYWYIKEG
OUOKEUEG ATTOBAKEUONG ATTAITOUV BIAKOTITEG avoiypatog (Bluhm 2006).

YTrapxouv dU0 KUPIEG OPADEG DIAKOTITWY TToU €ival JIOBECIYEG AQUTAV TN OTIYUR) OTNV
ayopd: O1akoTTeG ON kai diakdTTEG ON/OFF. O1 diakomreg ON trapéxouv TTANPn €K
@OPTION TOU TTUKVWTH, AAAG YTTOpOoUV Va aTrevEPYOTTOINBoUv pévo Otav oAOKANPWOEI n
ek @opTion. O1 diakéTTeg ON utTopOoUV va XEIPIOTOUV UWNAEG TACEIC PE OXETIKA
XOUNAOGTEPO KOOTOG 0€ oUyKpion pe Toug dIakoTTeg ON/OFF, woTtdoo, n pikpn didpkeia
CWNAG KAl 0 XauNAOGG pubpog eTavAAnyng €ival YEPIKA PEIOVEKTAUOTA TTOU TTPETTEl vd
AnN@Bouv uttéwn yia Tnv €mAoynA. To Ignitron, To Gas Spark Gap, 10 Trigatron kai 10
Thyratron cival pepikd atd 1o TTapadeiyyara autrig TnG opdadag. Ta TeAeutaia xpovia
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éxouv avarrtuxBei dlakdTTeg TUTTOU ON/OFF TTOU TTapéxouv €Aeyxo oTn dladikaoia
TTOPAYWYNG TTAAPWY PE PEPIKA ) TTANPN €K @OPTION TwV TTUKVWTWYV (Niayesh & Runde,
2017; Zhang et al., 1995).

3.7 IGBT

To Insulated Gate Bipolar Transistor mou ovopdadetai €mmiong IGBT yia ouvtopia, €ival
MIa dlacTaupwaon, éva uBpidlo peTagu evog cupfaTtikou Bipolar Junction Transistor
(BJT) kai evog Field Effect Transistor (MOSFET) 1Tou 10 KaB10TA 16AVIKO WG DIAKOTITH.

To Ttpaviiotop IGBT Traipvel Ta KAAUTEPQ MEPN AUTWYV TwWV OUO TUTTWV KOIVWV
TpavdioTop, TNV UWPNAr} OUVBETN avTioTaon €I0000U Kal TIG UYNAEG TaXUTNTEG HETAYWYNAG
evog MOSFET pe Tn XaunAn t1aon kopeopou evog BJT tpavdioTop, kal Ta ouvduadel padi
yla va Trapdyel évav aAAo TUTTO TpavdioTop BIAKOTITN TTOU €ival IKavo va xelpiceTal
MEYAAQ PEUMOTA CUAAEKTN-EK TTOUTTOU PE TTOAU PIKPO peUMA yIa TNV TTUAN €10000u.

To Insulated Gate Bipolar Transistor, (IGBT) ouvdudlel Tnv TeXVOAOyia poOvwPEVNG
TTUANG (€€ OU Kal TO TTPWTO PEPOG TOU OVOUATOS Tou) Tou MOSFET pe Ta xapaktnpioTiké
a1rédoong £¢6d0oU evOG CUMPATIKOU OITTOAIKOU TpaviioTop (€€ ou Kal To DEUTEPO PEPOG
TNG OVONOCTiag Tou).

To ammoTéAeopa autou Tou uBpIdikou cuvduacouou eival o011 To «IGBT Transistor» €xel Ta
XOPAKTNPIOTIKA UETAYWYNRS €€000U Kal aywyluotnTag evog dITTOAIKOU TpavlioTop, aAA&
eAéyxeTal atod Tnv 1éon 6TTws éva MOSFET.

Ta IGBT xpnoigoTToloUvTal KUPIWG O EQAPUOYEG NAEKTPOVIKWY TTOU QTTAITOUV PEYAAN
I0XU0, OTTWG METATPOTIEIC KAl TPOQYOOOTIKA, OTAV Ol ATTAITACEIS TNG OUOKEUNG O&v
IKavoTrolouvTal TTAApw¢G atd Ta OITTOAIKA Tpavdiotop kai Ta MOSFET. Ymdpyouv
d1aB€a1ua dITTOAIKA uywnAoU pelpaTog Kal UWPnAng 1aong, aAAd ol TaxuTnTeg evaAAaynig
Toug cival apyég, evw ta MOSFET 10x00¢ ptropei va €xouv uwnAoTEPEG TAXUTNTEG
evaAllayng, aAAd ol ouokeuég UWNAAG TAong Kal uwnAou peuPaTOog €ival aKPIREG Kal
OUOKOAO va eTTITEUXOOUV.

‘Eva atmé 1a Kupla TAeovekTrpara Tou Tpavdiotop IGBT eival n ammAdtnTta pe tnv otroia
MTTOPEI va evepyoTroiNOei pe TNV e@apuoyn OeTIKAG TAONG | va ATTEVEPYOTTOINOEI
KAvovTag To oANA PNOEVIKO 1 EAAPPWS ApVNTIKO, ETTITPETTOVTAG TOU VA XPNOIYOTTOINBEI
o€ Pia TTOIKIAIa epapuoywyv eVvaAAaynG.
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Collector

C

Simplified O
Equivalent Circuit
PNP

{ Transistor
—R

M-channel
MOSFET

o
E

Eikéva 10:I1GBT short circuit

Mrtropoupe va doupe o1l To IGBT egival pyia ocuokeur diIaywyigoTNTAG TPIWV TEPUATIKWV
TTou ouvduddel pia povwuévn gicodo MOSFET N-kavaAiwv pe pia €060 dITTOAIKOU
Tpavliotop PNP (Positive-Negative-Positive), ouvdedepévn o€ €vav TUTTO dIauOPPWOng
Darlington.

Q¢ atmoTéAEONA, TA TEPUATIKA €TIONUaivovTal wg: ZUAAEKTNG, EKTTOUTTOC Kai [UAn. Auo
atmd Toug aKkpodékTeg Tou (C-E) ouvdéovtal pe Tn aywyiun diadpoury amd Tnv oTroia
OIEPXETAI TO PEUMA, EVW O TPITOG OKPOBEKTNG (G) EAEYXEI TN CUOKEUN.

Otav xpnoldoTroiEiTal WG OTATIKOG eAeyXOpevOg OIaKOTITNG, TO IGBT £xel ovopaoieg
TAoNG KAl PEUPATOG TTAPOPOIEG WE AuTEG TOu dITTOAIKOU TpavlioTop. QOoTO00, N TTapouaia
MIag atTopovwpévng TTUANG o€ éva IGBT 10 KaBIoTd TTOAU TTI0 aTTAG 0TV 0driynon ato
10 BJT, KaBW¢ atraiteital TToAU Aiyétepn 100G Kivhong.

‘Eva IGBT evepyoTrol€iTal i ATTEVEPYOTTOIEITAI ATTAWG EAEYXOVTAG TOV OKPOBEKTN TNG
TTUANG Tou. H e@apuoyr evog BeTIKOU opaTog TAong €10000U KATA PAKOG TNG TTUANG Kal
TOoUu TTOouTTOU Ba dlaTnproel TN cuokeur) oTnv katdaotaon "ON", evw 10 OANA TNG TTUANG
€10000u, undevikd 1 eAa@pwg apvnTikd, Ba TNV KAVEl va aTTeVEPYOTTOINBEi pe TOV idI0
TPOTTO OTTWG €éva dITTOAIKG Tpavdiotop 4 MOSFET. 'Eva aAAo tTAsovékTnua Tou IGBT
gival OTI €x€l TTOAU XaunAoTepn avtiotaon KavaAlou on-state ammd €va tutkdé MOSFET
(Chen et al., 2017; Levkov et al., 2019; Rubin et al., 2019).
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4. E@apuoyég Twyv MNHIT otnv TEXvoAoyia Tpo@idwy

H texvikn Twv MHIM 6TTwg TTpoava@EpOnKe €ixe atTaoX0AROEI TOUG ETTIOTAPOVEG dn ATro
TOV €IKOOTO alwva. Mia KaivoTopog PéBodOog TTou eTTEVERAIVE PMETOKANTA | APETAKANTA
otn douR Tou KUTTApou BpAke TTANBwpa Xprioewv. O1 TTPWTEG OOKIPES Eyivav OTnV
KateuBuvon NG ouvTApnong TPOYIPwY Kal TNV TTacTepiwong. Ta BeTIKG atroTeAéouaTa
€deicav OTI N ouykekpiévn HEBOOOG Ba PTTOpPOUCE va XPENOIMOTTOINOED ETTITUXWG
kal aAAou. AkoAoubBroav Sokiuég yia Tov ouvduaopo MHIT kar dAAwv TEXVIKWY, £TO0I
woTe va emTeuxBei apuddTwon Kal Wugn Me emmiong OeTikd atmoteAéopara. H
TEAEUTAIO XPOVIKA TTPOOTIABEIa €yive OTNV €KXUAION BIOOPACTIKWY EVWOEWV EiTE Oav
MOVAODIKN TEXVIKA €iTE O0& OUVOUQOPO HE AAAEG TEXVIKEG Kal aTrodeixOnke OTI
MTTOPEI  va aTTEAEUBEPWOEl EVWOEIG TTOU AANIWG Ba TTapEPEVaV YKAWPRIOPEVES EVTOG
TOU KUTTApou. H évraon Tou nAekTpikoU TTeEdiou, TO OXAMO TOU TTOAPOU, TO TTAGTOG
TOU TTOAPOU, 0 Xpoévog eTTeCepyaciag, n ouxvornTta Kal TTOAIKOTNTA TTaAPoU, N
Bepuokpacia, n emeCepyacia o TTAPTIOA | YE OCUOTAPO CUVEXOUG PONG Eival KpPioluol
TTapdyovreg Tou kKabopifouv Tnv aTTOTEAECHATIKOTNTA TNG TEXVOAoyiag TMHIT otnv
emegepyaoia Tpo@ipwv. H BeAtiototroinon Twv mapapétpwy MHIM gival éva atrapaitnto
BAMa TTOU aTTAITEITAI VIO KAOE OCUYKEKPIUEVN EQAPHUOY.

livakag 2: EvoeikTikES epapuoyés NG PEF otnv TexvoAoyia tpogiuwy.

YAIKG Tdaon Etidpaon Tou PEF MAyeg
PEF
@uAd BaaoiAikou 650 O xpdvog EHpavong PEILBNKE KaTA Telfser &
- (Ocimum basilicum) Vicm 57% yia ¢npavon otov aépa, 33% Gomez
) yla Enpavon utrd Kevo Kai 25% yia Galindo,
3 enpavon Je Katawuén 2019
S MaoTivéakn (Pastinaca 900 O xpdévog Enpavong peiwbnke oto | (Alam et al.,
sativa) vicm | 28% oToug 70 °C ka1 010 21% oTOUg 2018)
60 °C
MoptokdAi(Citrus x 3000 AU¢non Tng ammédoong Xupou Katé (El Kantar
3 sinensis ) Vicm 25% et al., 2018)
= MupTiAAo (Vaccinium 5000 Augnon Tng amdédoong Tou Xupou (Bobinaité
% myrtillus) V/cm KaTé 28%. YywnAoTepn et al., 2015)
w TTEPIEKTIKOTNTO OE OAIKO QaIVOAIKO
Katd 43%
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YANIKd& Tdaon Emidpaon Tou PEF MAyeg
PEF
2mavaki (Spinacia 350 | BeAtiwon TG avoxng otnv katawuén | (Demir et
— oleracea) V/cm al., 2018a)
=4 MnAAo (Malus 800 | EmTayxuvon Twv diadikaolwy yuéng, | (Parniakov
> domestica) V/icm | &latApnon Tou OX\KOTOG, AvaOoTOAN et al.,
ouppikvwong 2016a)
MupTiAAo (Vaccinium 2000 Meiwon Twv E. coli kai Listeria (Jinetal.,
E myrtillus) V/cm inn0(’:ua Xwpig cx)\)\ayr'] TOU 2017a)
Q XPWHATOG Kal TNG 0Yyng
"g dAa 30000 ATrevepyotroinon TG aAKaAIKNG (Sharma et
J V/cm pwoeardong. Melwpévn al., 2018)
dpaoTtnpioTnTa Eaveivng (30%)
- Geobacillus 8000 | Adpavotroinon Tou TTANBucouou katd | Reineke et
5 . stearothermophilus V/cm 3.28 log1o al., 2015
53
'c:> s Bacillus cereus 40000 | AdpavoTtroinon Tou TTANBucPoU KaTd | Bermudez-
§_ E Viem 3.6 logo Aguirre et
Q al., 2012
<
Kpéag KoTOTTOUAOU 50000 Ghosh et
- V/cm E€aywyn xpnoiywy popiwv al., 2019
2 o
S =
S <
S 'c:> NTtopdra (Solanum 1000 H atrédoon Tng ekxUAIong Andreou et
r% o lycopersicum) Vicm KapoTeVOEIdWV augABNKe Ewg Kal al., 2020
56,4%
4.1 2uvThApnon TPOoYiuwv

H aAAoiwon Twv Tpoidwyv ptropei va TpokAnBei atrd did@opous TTapAayovTeG OTTWGS N
QVATITUEN MIKPOOPYAVIOUWYV Kal N dpaoTnpIoTNTA £VOOYEVWY £VCUMWY. H TEXVoAoyia
IMHM, og ouykpion pe TIG TTAPAdOCIOKEG PEBODOUG TTAOTEPIWONG, OXI HOVO AdPAVOTIOIE
TOUG TTABOYOVOUG HIKPOOPYAVIOUOUG, GAAG Kal KATToIa €vCUPA, EAQXIOTOTIOIET TNV
ATTWAEIO TNG APXIKAG YEUONG, TOU XPWHATOG, TNG UPNG, TWV BPETITIKWY CUCTATIKWY KAl
GAwV BepuocuaioBnTwy eviwoewy TTou Bpiokovtal og TpoPIua (Abbas Syed, 2017;
Vorobiev & Lebovka, 2020). Adyw Twv TTapatrdvw, Bewpeital éva TToOAAG uTTooXOpEVO
oUoTNUa €iTe WG TTPOOOETN AsITOUPYIa E€iTE WG UTTOKATACTATN TNG TTAPADOCIAKNAG
TTaoTEPIWONG PE XPron BepudTNTAG.

Ta MHIM yTTopEi va xpnoiuoTroindei Ye eTTiITUXia yia uypd TTPoiovTa hE XapnAS 1IEWAECS Kal
XOAUNAR NAEKTPIKA aywyIgoTNTA, TT.X. YAAQ KaI XUUOUG.

4.2 Mikpofiokry adpavoTtroinon
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Eival yvwoTd TTwg 10 YAAQ KAl TO YOAOKTOKOMIKA TTPOIOVTA UTTOKEIVTAI O€ ETTECEPYATia
ME DIAQPOPEG BEPUIKEG HEBODOUG YIa va KATAOTOUV Ac@aAn yia avlpwTTivn KATavaAwaorn.
H AavBaopévn TmraoTepiwon Tou YAAAKTOG TTPOKAAEi aAAoiwon Tou TTPOIOVTOG Kal
avattuén TaBoyévwyv  BakTtnpiwv  Omwg Escherichia coli, Listeria spp. kai n
weudouovada. O1 digpyacieg KATA TIG OTTOIEG XPNOIMOTTOIOUVTAlI UWYNAEG BEpUOKPATiES
odnyouv oTnv amwAeia BpeTTikwy cuoTtaTikwy (Ercolini et al., 2009). To TTaAAOpEVO
NAEKTPIKO TTEDIO OxI YOVO adpavoTrolei Ta BakTApIa o€ XaunAéG Bepuokpaacicg, aAAd
ETTiONG €TTNPEACEl EAAXIOTA TIG OPETITIKEG KAl AIOBNTNPIAKES 1010TNTEG TOU TTPOIOVTOG
Tpog Bpéwn. To MHIM pokaAei adpavoTtroinon Twv Gram-apvnTikKwv Kal Gram-BeTIKwvV
Baktnpiwv o€ éva TTARPeg yaAa ndn atd toug 50°C (Sharma et al., 2014). F'GAa TToU €xEl
UTTOOTEI €TTECEPYATia BepuikG PTTOPEl va gival pikpofioAoyikd oTaBepd yia 21 nUEPES
oTav uAdcoeTal oTtoug 4°C. QoT600, N BEPPOTNTA TTPOKAAEI KAl ApvNTIKEG ETTIOPACEIG
OTTWG: €€a0BEvVNON OTIG TINKTIKES 1IB1OTNTEG, UN €vCUUATIKO paupIioud, atrolkodounon Tng
AOKTO(NG, pETOUTiwoN Twy TTPpWTEIVWY K.a. (Fox et al., 2015). H texvoAoyia MHIT ptropei
VO  XPNOIJOTIOIEITOI  OUVEPYIKA pE  BepudTnTa,  QVTIMIKPOPRIAKOUG  TTAPAYOVTEG,
QIATpApIopa PePPBPAVNG Kal UTTEPIWOOUG OKTIVOBOAIOG TTPOKEINEVOU va augnBei n
ATTOTEAEOUATIKOTNTA TNG BAKTNPIOKNAG adpavoTroinong Kal €TMIPAKUVON TNG TTEPIOdOU
KaTtavaAwong.

O1 (Jin et al., 2017b) pyeAétnoav Twg 1o MNHI eTNPEeddel Tnv 1Bayevr) HIKPOXAwPIdA Kal
Tov TTANBuoPO6 Tou Escherichia coli kan Listeria innocua, Ta otroia £€xouv guoAlacav o€
Bartépoupa. O ocuvduaopog MHIT kar PAA (60 ppm Peracetic acid) €ixe wg ammotéAeopa
TN Meiwon Twv Escherichia coli kai Listeria innocua, aAAG dev AANAEE TO XpwPa Kal TNV
EM@Avion Twv Batéuoupwyv. To POVO HEIOVEKTNUA TNG dladikaoiag ATAv TO PJOAGKWUA
TNG OOMNG TOU POUPOoU. ZT0 TEAIKO eKXUAIOPEVO OEiypa oI avBoKuaviveG Kal QAIVOAIKEG
evwoelg au¢Abnkav katd 10 kar 25% avrioToixa, o€ oxéon PE TA PN €TTECEPYQAOUEVA
ociyuara.

H €peuva oxeTikd pe tnv epappoyn Twv MHM yia Tov éAeyxo TG aAAoiwong Kal Twv
TTaBoyovwy HIKPOOPYAVIOUWY O€ OIAPOPETIKA TTPOIOVTA auywV €XEl ATTAoXOAACE!
etriong évav 1d1aitepa peydAo apiBuod emmotnuévwy. ‘Exel avaeepBei 611 To MHIM peiwvel
atroTEAEOUATIKG TN dpacTnPEIOTNTA  JIOPOPWYV  HIKPOOPYAVIOUWY OC€ MIa  TTOIKIAIa
TpoidvTiwy auywv. Qotéoo, n emegepyacia MHIT aAAaler emmiong TG OOMPIKEG Kal
AEITOUPYIKEG 1ID1IOTNTEG O€ KATTOI0 BB Kal UTTAPXEl MEYAANOG BaBudg peTaBAnTOTNTAG
METACU TWV OIOPOPETIKWY PEAETWYV. 'Evag amd Toug Kupioug Aoyoug TTou eIKAgeTal OT
o@eiAovTal OI HEYAAEG DIAPOPES PETALU TWV ATTOTEAEOUATWYV DIAPOPWYV EPEUVWIV Eival OTI
ol ouvenkeg katd tTnv diapkeia Tou MHIM Katéxouv KEVTPIKO POAOG Kai gival TTOAU SUCKOAO
va emmavaAngeBouv e akpiBeia (Monfort et al., 2010; Sampedro et al., 2016; Yogesh,
2016).
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4.3 AdpavoTtroinan oTropiwy

To TTaAAOPEVO NAekTPIKG TTEdio €xel atrodelxBei OTI €ival ATTOTEAEOUATIKO KAl OTnNV
adpavotroinon oTopiwv  TéPa  TwV  BAAOTIKWY  HOPPWY  TWV  KUTTAPWY  OTTWG
ava@EpOnke TTapattavw. To MHI €xer xpnoigotroinBei wg moavry evaAAAKTIKr) AUon OTIG
TTaPadOCIOKEG MEBODBOUG BEPUIKAG TTAOTEPIWONG, KABWG UTTOPEI va adpavoTroifoel Ta
oTTopIa dIATNPWVTAG TIG AICONTNPIOKES KOl BPETTTIKES 1816TNTEG TOU TPOPIWou. To TMHI
Exel atrodelxOei OTI €ival aTToTEAECUATIKO OTN HEiwon Tou TTANBucPoU Twv OTTopiwV o€
MIa TTOIKIAIa TTPOIOVTWY BIATPOPAG, CUNTTEPIAANPBAVOUEVOU TOU YAAOKTOG, TOU XUMPOU
KapOTOU Kal Tou Xupou phAou (Bermudez-Aguirre et al., 2012; Choi et al., 2008; Raso et
al., 1998; Reineke et al., 2015; Spilimbergo et al., 2003). NMapoAo mou n xprion Tou MHI1
O€ KATIOIEG TTEPITITWOEIG ETTITUYXAVEI IKAVOTTOINTIKA QTTOTEAEOUATA OE OXEON ME TNV
adpavoTroinon oTTopiwv €v TOUTNG O OUVOUAONOG TOU JE AAAEG PEBODOUG UTTOPEI Va Ta
BeAtioTotroimoel. MNapadeiypatog xapn, o ouvduaoudg Tou MNMHIM evidg evdég ocuoTipaTog
ME UWNAR TTiEon UTTOPEI va €TMITUXEI uwnAoTépa eTTiTTEda adpavoTroinong OTTOPWY OE
oxéon ue Mia atrAn Bepuikn eTe¢epyaaia (Choi et al., 2008).

4.4 =npavon

MeTOgU TWV PN BEPUIKWYV TEXVOAOYIWV TTOU XPNOIUOTIOIOUVTAl WG TTPO ETTEEEPYATIA YIa
TNV evioxuon TnG O1adikaciag npavong, 1o TTAANOPEVO NAEKTPIKO TTEDIO @aiveTal va
TTOPOUCIACE! TIG HEYOAUTEPEG dUVATOTNTEG. H ePTTOPIKN ETTITUXIO TNG EQappoyng Tou MMHT
oTnv eTTegEpyaoia TTartarag deixvel OTI gival duvaTtd va XpNoIPNOTToINBEl wg uTTooTNPIEN
yla TTapadooiakés puebddoug oe Blounxaviki kAipaka (Lebovka et al., 2007; Wu &
Zhang, 2014). H uttadpyxouca BiBAIoypagia TTapEXEl OTOIXEIQ TTOU ATTOOEIKVUOUV OTI AGYyW
TOU @aivouévou Tng nAekTpodidtpnong, n emegepyacia pe TMHIT diappnyvoel Tnv
KUTTAPIKA OOMN) KAl £€TC1 EVTEIVEI TNV ATTOMAKPUVON TOU VEPOU OTIG BIadIKATIESG Efpavong.
H tpotrotroinon NG OOMNG TOU KUTTAPOU ETTNPEACEI TOV XPOVO Kal TOV TPOTTO KATAWUENG.
AvTioToixa emTnpeddel Kal Tov TPOTTO TTou N Auo@ihotroinon Aaufdvel xwpa. O
MIKPOTEPOG XPOVOG Erpavong i AUOPIAIWONG OUVETTAYETAI ETTIONG TTOIOTIKEG OAAQYEG OTO
TTPOETTECEPYQAOTHEVO UAIKG. QOTO00, O aANQYEC OTIC QUOIKEG Kal XNMIKES 1810TNTEG TWV
TTPOKATEPYAOHEVWY ATTOENPAKEVWY TPOiMwY PE TNV Xpron Tou MHIM e€apTwvTal atrd
TTOAAOUG TTAPAYOVTEG TTOU OXETICOVTAI TOOO [E TO TTPOIOV 60O Kal Ye TN diadikaaoia. 'ETol,
n B¢Tikn etmidpacn Tou MNMHIM 1600 oTnV TTOIGTNTA OGO KOI OTNV KIVNTIKI UTTOPEI VO atTaiTei
TTpooapuoyn Twv TTapapéTpwy ¢Apavong (Punthi et al., 2022; Toepfl and Knorr, 2008;
Wiktor et al., 2022). H xprion Tou TTaAAOpEVOU NAEKTPIKOU TTEDIOU O€ OUVOUAONO PE TNV
¢npavon €xel Kal BETIKO QVTIKPIOUA OTA BPETITIKA KAl OpyavOANTITIKA XOAPAKTNPIOTIKA
TWV TPOYINWV TTEPA ATTO TNV £GOIKOVOUNGON XPOVOU Kal evEPYEIag. Na TTapadelyua, €XEl
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dlammoTwOei o011 N emegepyaoia pe MHIM akoAouBoupevn atrd Erpavon o€ Kevo BeATiwoe
TNV TToI6TNTA Kal TN OIdpKeIa (wNng Twv atro¢npapevwy eeTwv unAou (Chauhan et al.,
2018; Matys et al., 2022; Parniakov et al., 2016b). Akoua n emegepyaoia pe MHI
akoAouBoupevn atmd Enpavon PBeATiwWoe ONPAVTIKA TO XPWHPA KAl TNV U@ Twv
ammoénpapévwy Batépoupwy. O1 pyeAéTeg diammioTwoav OT1 n emmegepyaoia ye MHIMT ixe
WG atroTEAEOUA TNV UWNASTEPN AVTIOEEIDWTIKI) OpAaCn Kal TNV UWPnASTEPN TTEPIEKTIKOTNTA
o€ oakxapa ota ammog¢npapéva Baropoupa (Yu et al., Jin, & Xiao, 2017; Yu, Jin, Fan, et
al., 2017). Autég o1 peAéTeg kartadelikvuouv Tn duvardtnta tou [MHIT wg TEXVIKAG
ouvTAPNONG via Tn BeATiwon TNG TToIOTNTAG KAl TNG DIAPKEING (WG TWV ATTOENPANEVWV
TPOo@iywv Kal TmoTwv. H emegepyaoia pe MHM tpiv amd TNV &rpavon WPITopEi va
BonBroel otnv adpavotroinon MHIKPOOPYAVIOPWY, €vCUPWY Kal oTn diatnpnon g
BpPeTTTIKAG agiag Kal TNG aloBNTNPIOKNAG TTOIOTATAG TOU TEAIKOU TTPOIOVTOG.

4.5 WYuoen

H katayuén twv TPoQigwyv avTIMETWTTICEl €va onuavTikd TTPOBANPA, ToV OXNUATIOUO
KPUOTAAAWV TTAyou TTOU MTTOPOUV VO KATAOTPEWOUV TOV I0TO. €TOI WOTE PETA TNV
aTroYu¢n Ta TTPOIOVTA (YIa TTAPAdEIYUa JOAOKA @pouTa, UAAWDN Aaxavikd) va xavouv
TO OXNAMUA TOUG KOl VO TTOPANEVOUV VWTIA. 2Z€ QUTHV TN hop@r}, dev Bpiokouv PeyaAn
atTXNon o710 KaTavaAWTIKO KoIve. 'Exel atrodeixOei 611 T0 TTAAAOPEVO NAEKTPIKO TTEDIO
MTTOPEI va XpnoiyoTroinBei yia Tn BeATiwon TNG avoxrng oTo TTAywua dIAQopwY GUAAWV.
To TIHI €xel e@apuooTei O€ OUVOUAOHO HE EPTTIOTIONO UTTO KEVO TTapouadia
KPUOTTPOOTATEUTIKWY OTTWG N TPEAASEN, N oakxapdln, n YAUKOLn kal n @pouktoln. O
OuUVOUAOHOG QUTWY TWV HEBOOWV €iXe WG aTTOTEAEOUA TA KUTTAPA TWV QUAAWV va
TTapapeivouv Biwoiya (viable) kar Ta UAAa va diatnprioouv TN OTPERASTNTA PETA TOV
KUKAO katayuéng kai amoyueng (Ammelt et al., 2021; Demir et al., 2018b; Shayanfar et
al., 2014). Emiong, £peuveg €xouv deigel OTI avAAoya PE TOV TPOTTO TTOU €QAPUOLETal N
Yugn ota TpoQIua, Ta atmroteAéopara Tou MMHI ptTopei va dia@épouv. SUYKEKPIPEVQ,
oTav o Xpoévog Yuéng cival TToAU PIKPOG, TOTE N emmidpaon Tou MHI 1600 oTNV TTOIGTNTA
TOU TEAIKOU TTPOIOVTOG OO0 Kal OTOV XPOVO Wuéng cival TToAU onuavTik. Oco o xpovog
Wuéng autdavetal TOoo Trapatnpeital Ot Ta TEAIKA TTpoidvTa, eTTe¢epyacpéva pe MHM kai
Mn, €xouv koiva xapaktnpioTikd (Ammar et al.,, 2009; Nowak & Jakubczyk, 2022).
2upTtrepaivoupe Aoimmov, om 1o MHIM og ouvduaopd pe didgopoug peBOdoUG Wueng
MTTOPEI VO PEIWOEI TOV XPOVO Kal TNV EVEPYEIQ TTOU atraiTei n diadikacia, KaBwg Kal va
TIPOOTATEUCEI TA OPYAVOANTITIKA XAPAKTAPIOTIKA TWV TPOPUV.
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4.6 EkxUAion B1odpacTIKWV EVWOEWV

H ekxUAION wg TPOTTOG aTTOKTNONG BIOOPACTIKWY EVWOEWV Eival Pia atrd TIG O CuXVAa
XPNOIYOTTOIoUPEVEG DladIKaaieg aTn Biounxavia. ZuvnBwg, n diadikacia NG ekxUAIoONg
TepINaBAvel XNUIKA r/kal BepuIki eTTECEPYOTia evOG OeiyuaTog. MOAUGPIBUEG UEAETEG
ava@épouv OTI N €@apuoyr TTAAAOPEVOU NAEKTPIKOU TTEdioOU UTTOPEI va eVIOXUOEl TNV
ATTOTEAEOUATIKOTNTA TG d1adikaoiag, va MEIWOEI Tov XPOvo €KXUAIONG Kal va
eAaxioToTToInoel TUXOV {NUIEG OTIG e€ayopeveg evwoelg. To MHIT éxel xpnoiuotroinBei yia
TN BeATiwon TG €KXUAIONG €VOOKUTTOPIKWY EVWOEWV aTTO @pouTa Kal AaXQVIKA.
‘Epeuveg €xouv Ocigel 611 n uttoponBouuevn ekKXUAION PE TTOAAOUEVO NAEKTPIKO TTEDIO
MTTOPEI va augAoel TNV EKXUAICINOTNTA TTOAUQAIVOAWY TTOU TTPOEPXOVTal atro did@opa
@pouta kal Aaxavikd (Luengo et al., 2013; Ntourtoglou, et al., 2022; Segovia et al.,
2015). EmimmAéov n xprion TTaAAOPEVOU NAEKTPIKOU TTEQIOU TTPIV 1] KAl KATA T OIGPKEIX
TNG EKXUAIONG PTTOPEI va peIwoel aioBntd Tov xpdévo Tng diadikaciag (Liu et al., 2019;
Ntourtoglou et al., 2020; Silve et al., 2018). H ikavotnTa Tou MNMHI va adpavoTrolei Toug
MIKPOOPYQVIOPOUG Kal va TTPOKAAEl TN dIATmePATOTNTA TWV EUKAPUWTIKWY KUTTAPWYV
XWPIG onuavTiKA auénon TNG BEpPoOKPATia TOU TTPOIOVTOG UTTOPEI va XpNOIKOTToINBEl 0TN
dladikaoia TnNg Tapaywyns Kpaoiou yia tn BeATiwon Tng ToiotTnTadg Tou. H xaunAn
KATavaAwon €eVEPYEIOG KAl O OUVTOPOG XPOVOG ETTECEPYQOIAC TTOU QTTAITEITAI YIQ TN
dIATTEPATOTATA TWV KUTTAPWYV TOU QAOIOU TWV OTAPUAIWYV gival T BACIKA TTAEOVEKTANATA
NG Xpnong tou lMHIT otnv ammdkTNon KPACIWV PE UWPNAN TTEPIEKTIKOTNTA O QAIVOAIKEG
evwoels. H uynAfl ouykévipwon TroAugaivoAwv BonBd oTtn otabepoTtroinon Tou
XPWHATOG Kal BEATIWVEI TNV TTOIOTNTA TOU KPAOIOU KATA Tn d1adikaoia Tng TraAaiwong
(Boulton, 2001). O1 @aIvOAIKEG EVWOEIG £XOUV ETTIONG OPACEIG UTTEP TNG UYEIQG OTTWG
avTIOEEIBWTIKES Kal avTIPAEypovwdelg 1810TNTeS. To MHIM utropei va etrnpedoel Tn yeuon,
TO Xpwua 1 TN OPeTITIKA agia Tou YAeUKOUG OTaQUAILWYV Kal Tou Kpaaiou. To MHI duvaral
va peiwoel e€triong tnv moootnTta SO2, TTOU PTTOPEI va €TTNPEACEI TNV TTOIOTNTA TOU
Kpaaolou (Corrales et al., 2008; Drosou et al., 2017b; Puértolas et al., 2010). H xprAion,
Aoitrév, tou MHI oTtnv evioxuon g d1adikaciag NG eKXUAIONG €iTE QUTOTEAWG EiTE O€
ouvOUaOouO HE AAAEG pEBODOUG, autdvel TIG TTEPICCOTEPEG POPEG TIG TTAPAANPOEioES
B10OPaOTIKEG OuCOieg ME TOUTOXPOVN MEIWON TOu XPOVOU Kal TOU EVEPYEIOKOU
OTTOTUTTWHATOG.
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4.7 TpoTtrotroinon Tou auuAou

To TTaAAOuEVO NAEKTPIKO TTEdIO PTTOPEI va XPNOIMOTToINGEl yia Tnv TPOTToTToinon Tou
QUUAOU TNG TTATATAG, TOU KOAQUTTOKIOU, TOU OITAPIOU, TOU puliou Kal GAAWV oIThpwy,
oOTIpiwv Kal KapTrwv. O gpeuvnTéG €XOUV TTAPATNPNOEl YEIWON TNG BepuoKpaTiag
CehaTivottoinong, Adyw Tng avadidaragng Kal TnG KATaoTpoPAG TNG JOPIaKAG dOUNG TOu
auUAou petd v emre¢epyaoia pe MHIM. H epappoyr Tou MHIT eTnpedder TRV TEWN TOU
QUUAOU KOBWG augdvel Ta eTTITTEdA TOU TaXEWG EUTTETTTOU APUAOU OTNV TTATATA, OITAPI,
ota umdleNid k.a. Etriong péBodol TpotrotToinong Ttou dapuUAou OTTWG N AkKeETUAIwON
MTTOPOUV va evioXuBouv onuavTIKa Pe Tnv emre¢epyaoia pe MHM. H xprion tou MHIT yia
TNV Bondeia Twyv diadIKaoiwy OTNV TPOTTOTTOINCN TOU APUAOU PTTOPE va BEATIWOEI TNV
ATTOTEAEOUATIKOTNTA NG OIadIKOOIAg, va JEIWOEl Tov XpOvo avTidpaong Kal va
ecoikovounon avtidpaotipia (Han et al.,, 2009; Hong et al., 2018; Q. Li et al., 2019;
Zeng et al., 2016).

4.8 Atlotroinon atmmoBAATWY atrd Blounxavia TPo@idwy Kal TTOTWVY

H Blounxavia Tpo@ipwv TTapdyel TEPACTIEG TTOOOTNTEG UTTOTTPOIOVIWY Kal aTtoBANTWY,
Ta oTroia dnuioupyouv évrova TTPOPRAAUOTA, KABWG N atroppIyn TOUG OXETICETAI ME
Béuara epIBAAAOVTOG Kal uyeiag. ATTO TNV AAAN TTAeupd, auTd Ta aTToppiypara TTAoucoia
O€ QUOIKEG PBIODPACTIKEG EVWOEIG, IDIAITEPA AUTA TTOU TTPOEPXOVTAI ATTO TN Blounyavia
@POUTWV Kal Aaxavikwv. Ta TeAeutaia xpodvia, Oiveral 101aiTEPN EPPAcOn OTNV
BliwoIudTNTa TWV TPOTTWV TTAPAYWYNAG, HE ATTOTEAEOUA “TTPACIVEG” DIAdIKAOIEG OTTWG TO
MHIM va xpnoigotroloUvTal yia Tn MEIWON Tou OyKou TwV AtmoBAATWY Kal yia Tnv
avakTnon evwoewv amo autd. MNa mTapddeiyua, or Ghosh et al., 2019 mpdTEIVAV TOV
ouvdouaouod MHIM pe pnxavikni TTieon yia TNV €¢aywyn XPNoIdwY XNPIKWY EVWOEWV aTTd
Ta amrépAnTa Tou 0THBoUG KOoTOTTOUAOU. AvTioToixa, ol Andreou et al., 2020 epdpuocav
TV TeEXVIKA Tou TMHIT og diagopd oTddla TNG €TEEEPyaTia TOPATAG yia Tn PEATIOTN
aglotroinon Twv amoBANTwv TNG. Akoun, n xpnon Tou [MHM w¢ otddio T1po
ETTECEPYOTIAG MTTOPEI VA EVIOXUOEI ONPAVTIKA TNV EKXUAIOT TTOAUQAIVOAIKWY EVWOEWV
a1ro T OTEAEXN OTAQUAIWY TTOU OUVABWG QVTIUETWTTICOVTAI WG ATTORANTA PETA TO TEAOG
TnG oivotroinong (Ntourtoglou, et al., 2022). Xuptrepaivoupe AoImtov o11 xprion Tou MHI
MTTOpEl €iTe va dnuioupynoel €ite va evioxuoel €va ouoTnua  avaTpo@oddtnong
ONMAVTIKWY EVWOEWV 0T Blognxavia Tpo@idwy, XPNOILOTIOIWVTAS WS TTPWTN UAN Ta
Blounxavikéd atrofAnTa.
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9. MaANOUEVO NAEKTPIKO TTEDIO 0€ CUVOUATUO UE AAAEG
MNXAVIKEC HEBODOUC

2AMEPA, TO TTAANOPEVO NAEKTPIKO TTEDIO £XEl aTTOdEIXOEI OTI ATTOTEAEI pIa YN BEPMIKN
ETTECEPYOOIA TPOPIMWY HE QVTIUIKPOPIAKA XOPAKTNPIOTIKA KOl PE TNV IKAVOTNTA Vvd
BeATIWVEI TRV EKXUAIOINOTNTA DIAQOPWY TTPWTWYV UAWV 0€ Bepuokpaaia TTeEPIBAAOVTOG.
2UPQwva pe TNV TexvoAoyia gutrodiwv (hurdle concept) (Leistner, 2000), o ouvduaouog
MHM pe GAeg peBOOOUG ouVTAPNONG UTTOPEI VO UEIWOEI TOV XPOVO KAl TNV EVEPYEIQ,
aAAG Kal va gvioxuoel Tnv meavoTnTa £va KUTTapo va odnynBei otov Bavarto (Leistner,
2000). H eTmidpaon Tou TMHI pe TNV TTPOCHAKN QVTILMIKPOPIAKWY EVWOEWV QUOIKAG
TTPoéAeuoNG, OTTWG N vioivn, £xel AdBel 1Idlaitepn TTpocox, av Kal AAAEG avadUOPEVES [N
BEPUIKEG TEXVIKEG, OTTWG TT.X. N XPAHon dioggidiou Tou AvBpaka uWnAng Trieong, YTTopouv
emmiong va An@Bouv utown (Pataro et al., 2010a; Pol et al.,, 2000). EmmAéov, n
BakTnplokTOVOG OpAcn TIOU TIPOKUTITEl ATTO TNV TautOxpovn e@apuoyr MHIT kal
OUPBaTIKWV BEPPIKWV ETTECEPYATIWV UTTOdNAWVOUV TN duvaTdTNTA PEIWONG TNG €éviaon
NG B€puavong diarnPwvTag TTAapdAAnAa TN JIKPORIakKr atrodoxr). AKOua, n xprnon Tou
MHMN padi pe pikpokUpata OTTOTEAED €vav TTOAU QTTOTEAEOPATIKOG OUVOUAOUOG Of€
KATOOTACEIC OTIG OTIOiEG PEMOVWHEVA dev Ba ptropoucav va €xouv Ta €mBuuntd
ammoteAéoparta. Etmiong, o ouvduaoudg Twv TTPONYOUNEVWY UTTOPEI va QEPEI oUVBETA
ammoteAéoparta, OTTwWG n xpron Ttou MHIM wg TEXVOAoyia atToouvBeong KUTTAPWY Kal Ol
uTTEPNXO!I WG PECO yia TNV €midpacn ota @aivépeva dietTars (Manzoor et al., 2019a;
Martin-Belloso & Sobrino-Lépez, 2011; Ntourtoglou, et al., 2022; Ostermeier et al.,
2021a).
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lMivakag 3: MNaAAouevo NAekTpIKO Tedio o€ ouvduaoud e GAAES unxavikés uebédous

2uvduaouog | ZuvbnAkeg | Mikpoopyaviopog | AoyapiBuIKN Méoo Mnyn
OlEpyacIwV peiwon
_ 12 kV/icm + | Saccharomyces 3.7 Kpaoi pudiou | (Lyu et al.,
+ % 20 kHz cerevisiae 2016)
mm S 40 kV/cm + | Staphylococcus 6,8 Xupoég (Walkling-
o 5 30 kHz aureus TTOPTOKAAIOU Ribeiro, et
al., 2009)
A 6 Saccharomyces 7,7 PuBuioTiké | (Pataro et al.,
S kV/cm+8.0 cerevisiae O1dAupa 2010b)
o MPa
F 25 B. cereus 4.0 AldAupa (Spilimbergo
H_J kV/cm+20 yAukepoAng | et al., 2003b)
MPa
40 S. aureus 9,5 Xupog (Walkling-
kV/cm+30 prAou Ribeiro, et
. w al., 2009)
7
mm 60 E. coli 5.35 Xupég (Gachovska
o kV/cm+25w uriAou et al., 2008)
5 8 34 E. coli 7,0 Smoothie (Walkling-
‘E g kV/cm+55 TPOTTIKWV Ribeiro, et
f S °C PPOUTWV al., 2009)
w9 43 Salmonella 5,9 Xupog (El-Hag et
L §- kV/cir(r;+55 typhimurium unAou al., 2010)
— 30 kV/cm+ | Listeria innocua 4 Nepo (Pyatkovskyy
= 2 400 MPa et al., 2018a)
= C 12 Bacillus Subtilis 7.1 PuBuioTiké (Sasagawa
>g kV/cm+700 SidAhupa+ et al., 2006)
S5 MPa Xupég
= ,
wbo TTOPTOKAAIOU
w @
oS
>
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5.1

MHIM kai 'Hma Ogpuokpaacia
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H augnon g Bepuokpaciag TTPoKaAEi aTTWAEIa TNG EAACTIKOTNTAG TNG MEMPBPAVNG Kal
MEiwon Tou TTayxoug TNG AIMISIKAG OImmAooTIBadag, AOyw Tng MPeETABAONG Twv
QPWOQONITTIOIWV TNG MEMPBPAvVNG attd YyéAN ot uypO-KPUOTOAAIKN dour, €101 WOTE TA
KUTTapa va gival mo euaioBnta ota MNHIN (Garcia-Manyes et al., 2005; Kucerka et al.,
2011; Williamson et al., 1975). Etriong, n nAektpodiatpnon Tng MePBPAavng eTnpeddeTal
atrd TN BepuoKpacia Kal n Bepuokpacia PTTopEi va etrnpedoel Tnv etmidopacn Tou MHI
otov QuUTIKO 10T0 (Zimmermann, 1986). Omwg eivar avapevouevo, 10 THIT o¢
ouvOUaoud ME MIa Bepuikn €TTECEPYATia augavel Tnv OavOTNTA TOU POKTNEIOKOU
Bavartou (Fox et al., 2008). O1 xpnoeig Tou MNMHIM og cuvduaoud pe ATa BEpuavon
MTTOPEI VO TTPOCEYYIOTOUV PE BUO DIAPOPETIKOUG TPOTTOUG: (1) epappoyr Twv MHIM 1Tpiv
N META atrd PETPIa BEpUavan Tou TPOPIUOU Kal (2) EAeyXOG TNG BEpUOKPATiag KATA TNV
emmegepyaoia MHIM. ‘Epguveg €xouv O¢icel 0TI n augnon Tng Bepuokpaciag otoug 50°C
TPIV aAAG kal katd Tnv Oiapkeia Tou [MHIT odnyei o€ onuavtiky auénon Tng
aTtrevepyoTToinong Tou Saccharomyces cerevisiae (Katiyo et al., 2017; Montanari et al.,
2019).
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Eikéva 11: evvhAtpia marAouévwy NAEKTPIKWY TTEdiWV o€ auvouaoud ue TexviTi auénon tng Bepuokpaaias (Lebovka
et al., 2005)

5.2 TTHIT kal Y1répnxoil
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Eival yvwoTtd o011 01 uttépn)ol €xouv XpnoiyotroinBei oto TTapeABSOV yia Tov KaBapIiouo
EPYAOTNPIOKOU Kal BIOPNXAVIKOU €COTTAICHOU, OTTWG ETTIONG KAl YIA TNV ATTEVEPYOTTOINON
OUYKEKPINEVWYV PIKpoopyaviopwyv (Furuta et al., 2004; Islam et al., 2013; Mason, 2016;
Mawson et al., 2011). Mia atoé TIg BETIKEG TTPOOTITIKEG TNG EKXUAIONG PE TNV Xprion MHI
gival o1 €xoupe TNV IKOVOTNTA VO ATTOKTAUE TTOAUTIUA CUOTATIKA TTOU PEXPI TTPOTIVOG
MTTOPOUCANE VA T ATTOKTAOOUWE POVO uE Bepuikoug TpodTToug eTTeCepyaoiag (Meglic et
al., 2021; Sitzmann et al., 2017). H uttoBonBoupevn atrd uTTEPAXOUG EKXUAIOTN £XEI TNV
Tdon va augavel Tov puBud Kal TNV EKTACT PE TNV OTToIA N PAla YETAQEPETAL, AOYW TwV
MNXOVIKWV €TIOPACEWY TNG, EviIoXuovtag Tn digiocduon Tou OIOAUTN OTO ECWTEPIKO TOU
KUTTAPOU PEOW TNG OIAOTTOONG TWV KUTTAPIKWY ToiXwudatwyv (Rhazi et al., 2019). AuTtég
01 OUO TEXVIKEG £XOUV BETIKO QVTIKTUTTO OTNV ATTOd00N KAl TNV TToI0TNTA TNG EKXUAIONG ME
Xpron 6co 10 duvatov AlyOTEPWV OpyaviKwV OIOAUTWY, KABWG Kal MPeEiwon Twv
EVEPYEIAKWYV dATTAVWV Kal TOU XpoOvou TTapaywyng. ETriong, evioxuouv tn BpeTTIKA aia
TWV TTPOIOVTWYV dIaTPOPNG, AOyw TNG EAAXIOTNG BEPUIKAG ETTECEPYOTIAg TwV euaiocdnTwv
otn OepudTNTa BpeTTIKWY ouoiwv. O ouvduaouog Twv Texvikwy TMHIT kal Twv
uTTEPNXWV £X0UV TPARALEI TO EVOIAPEPOV DIAPOPWYV ETTIOTNUOVWY, EPEUVNTWY OAAG Kal
ETTEVOUTWY, AOYW TNG oOIKovodiag, TNG amAdTNTag, TNG OTaBePOTNTAG KAl  TNG
QATTOTEAEOUATIKOTNTAG TOUG YIa TNV aTTOKTNON B1odpacTikwy cuoTaTikwy (Li et al., 2021;
Manzoor et al., 2019b; Ntourtoglou, et al., 2022). Emiong, a&lo avagopdg cival 611 o
OuUVOUAOHAOG AUTWY TWV OUO TEXVIKWYV PTTOPEI Va ETTNPEACEI KOl DEUTEPOYEVEIG HEBODBOUG
ETTECEPYQOIAG, OTTWG TO TNYAVIOUA, aQOU €TTNPEACEI TTOIOTIKEG TTAPANETPOUG, OTTWG N
uypacia, To ATTog Kal n TEPIEKTIKOTNTA 0€ akpuAapidio (Ostermeier et al., 2021b).
TéNOG, agiCel va ava@Epoupe OTI XWPEIG TNV KOIVI] XPAoN Twv TTPOAVOPEPOUEVWV
TEXVIKWYV, Kagia amd T7I¢ duo Oev Ba utropouce va €xel 1a PBEATIOTA €mOuUunTd
armmoteAéopara. ATO  PnXavoAoyikng TTAEupds, Oev  €xEl  KATAOKEUOOTEI  KATTOIA
EYKOTAOTOON TTOU VA EPTTEPIEXEI KA TIG OUO TEXVIKEG OE €VA KOIVO Opyavo.
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5.3 T1IHI kai YwnAn YdpoaoTartikn lNieon

H emegepyaoia pe YwnA Ydpootatikh [lieon
(YY) ptopei va Ttpayuatotroin®ei  eite  katd
TTOPTIOEG €iTE O€ nuIouvexn AeiToupyia. € pia
dladikaoia TTapTidag, 1o TPOIGV Ba TOTTOBETNOEI
eAeUBepo  eite péoa 0 ATOPIKEG  €IQIKA
OIAUOPPWUEVEG OUOKEUAODIEG. 2Z€ €va NUICUVEXEG
ouoTNua, TO TIPOIOV TOTTOBETEITAI aTTeuBEiag o€
évav BaAauo eTregepyaciog Kal Xwpidetal armo To
MéoOo  Trieong ME  éva TTAWTO  €ufolo.
EvkaBiotwvTtag évav apiBud atmmd povadeg Tmieong
TTaPAAANAQ, N NUICUVEXAG AcIToupyia WPTTOPEI va
TTOPEXEI OUVEXH PON TIPOIOVIOG OF€ QONTITIKEG
EyKaTaoTAoEIC ouokeuaoiag (Leadley, 2008).
Aoxeia  pe  avBeKTIKA  TOolXWMATA KAl ME
EVOWMATWHEVA NAEKTPODIO MTTOPOUV va
KataokeuaoTouv €101 woTe 1o MHIT va ptropei va
AaBel xwpa Tautoxpova pe YYT (Pyatkovskyy et
al., 2018b). O Adyog ¢ 1diag euong Tng YYTI givai
OTI ouVNBWCS XPNOIKOTTOIEITAI YIO TTACTEPIWON Kal

YN ko PEF

HAextpobia

YAn mpog
enefepyacia

Eikova 12: YT kai [THI

OxI yia evioxuon TnG ekxUAiong. H amoteAeopatikdtnTa Tng etregepyaoiag pe TMHI
eTnpeddetal oe YeyadAo Babud ammd tnv e@apuoléuevn €vraon NAeKTpIkoU TTediou pe
uynAoTEPO PUBPO adpavotroinong o€ uwnAoTepn TAon. O1 dlIadOXIKA EPAPPOCTHEVEG
Bepartreieg YY1 kai [MHIM £€de1gav wg €T1Ti TO TTAgioTOV 0BpOIoTIKA atroTeEAéopaTa. QoTO0O0,
TTapaTnenoOnkav cuvepyatik@ atroteAéopara otav n YYTT kar to MHI epapudotnkav
Tautoxpova. H tautdxpovn emegepyacia pe YYT- MHIT odnyei oe péyiotn aAAayry oTto
Ouvapiké CATa, uttodnAwvovtag peyaAuTepn Olappor) EVOOKUTTAPIKWY CUCTATIKWY
(Pyatkovskyy et al., 2018b; Sasagawa et al., 2006; Xia et al., 2022).
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5.4 T1HI kar YwnAng Mieong Aiocgidio Tou AvBpaka

H emeCepyaoia vuwnAng mieong dio&eidiou Tou dvBpaka (YTMAA-HPCD-high pressure
carbon dioxide) ouvemdyetal Tnv epapuoyn dloceidiou avbpaka utd Ttieon (CO2) yia
OpPIOHEVO XPOVO €iTe o€ TTaPTIOA, €iTe o€ NUI-TTAPTIOO €iTe 0€ ouveXN AsIToupyia yia TNV
atrevepyoTtroinon uikpoopyaviopwv (Mcintyre & McNeil, 1997; Tomasula et al., 1997).
ECaitiag Twv AITTO@QIAIKWV Kal udpo@IAIKWVY 1810TATWV Tou, To CO2 dlaxéeTal nEoW Kal
MEOQ OTNV KUTTAPIKN PEMBPAVN, auédvovTag Tn PEUcTOTNTA TNG, €EAYOVTAG TA CWTIKA
OUCTATIKA TNG Kal dlatapdooovtag 1o BloAoyikd TnG cuoTnua (Garcia-Gonzalez et al.,
2007) . H nAekTpod1ATPNON PTTOPEI VA EVIOXUOEI TN JETAPOPA NACag Tou uTro Trieon CO2
MEOQ OTO KUTTOPO KAl ETTOMEVWG va ETITAXUVEI TNV KUTTAPIKN Katdppeuon (Garcia-
Gonzalez et al., 2007). Adyw TnG @uon Tng digpyaciag pe YTAA, o Kupiapxog poAog yia
TOV OTTOI0 PTTOPEi va xpnolpoTroinBei oe cuvduaopo ue 1o MHIT eival yia TTacTepiwon N
yia MEPIKN MEiwon TANBuopoU BakTnpiwv. 2ToVv OUVOUAOHUO Twv OUO TTAPATTAVW
pMEBOOWY, TO MHIT ogeiAel va trponyeital TNG YTAA, Adyw Tou OTI 0 OKOTTOG €ival va
emTeEUXOei nAekTpodiatrepaTtdTNTa, €101 WOoTe To CO2 va ptmopei va €10€ABel e
MEYAAUTEPN €UKOAIO OTO E0WTEPIKO TOUu KUTTApou (Pataro et al., 2010b; Spilimbergo et
al., 2003).

5.5 T1HI kal Y1repiuwdng AKTIVOBOAia

H utrepiwdng akTtivoBoAia (Ultraviolet-UV) ogeihel Tnv Baktnploktévo dpdon TnG OTI
QWTOXNMIKEG avTIOPAoEIC Kal €AeUBepeg pifeg TTOU oxnuatiCovral TTavw atmd 1A
ETTIPAVEIOKA OTPWHATA TwWV OKTIVOBOANUEVwY Tpo@ipwyv (lbarz et al.,, 2005). O
ouvOUAOHOG TWV OUO MPEBOdWYV E£xel TTPOCOETIKA ATTOTEAECUOTA OTN MEIWON TOU
TTANBuopoU Twv PBakTnpiwv. H oceipd Pe TNV OTToid PTTOPOUV VA €QAPUOCTOUV Ol
TTaPATTAVW TEXVOAOYiEG DEV QaiveTal va £TTNPEACEI TO TEAIKO atTroTéAeopa (Gachovska et
al., 2008). Eriong, 0 ouvduaopog Twv duo PeBGOWYV dIaTHPNOE TTOIOTIKA XAPOKTNPIOTIKA
OTTWG XpWHa Kal upn, Ta oTToia Ye TN Xpnon uwnAng Beppokpaaciag Ba gixav xabei (Noci
et al., 2008).
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6. MNepIANWEIC dNUOOIEUOEWY

6.1 Anpoacicuon |

Pulsed Electric Field Extraction of a and B-Acids from Pellets of Humulus lupulus
(Hop)

2€ QUuTAV Tnv epyaoia OlepeuviBnkav n  dladikaoia TnNG eKXUAIONG  AuKioKou
XPNOIMOTIOIWVTAG TNV TEXVIK TOU TTAAAOPEVOU NAEKTPIKOU TTEdiOU, KABWG Kal Ol
OIAPOPETIKEG ETTIOPACEIG TNG O€ OUO TTOIKINIEG AUKIOKOU, Wia TTIKPr KAl hIa apwuartikr). H
emmidopaon Tou PEF oTtnv ekxUAIon a&loAoyRbnke pe pETPNON TNG CUYKEVTPWONG O-0&EWV
Kal B-0&Ewv (XOUROUAGVEG Kal AouTtouAdveGg). Ooov agopd ToV apwUaTIKO XapaKTHPA,
TO TITNTIKO KAPUOPUAAEVIO, TO XOUHMOUAEVIO Kal TO B-HUPOCEVIO TOU AUKIOKOU avaAuBnkav
1600 PE OO0 Kal Xwpig TN xpron Tng eme¢epyaciag PEF. MNa tnv avdAuon Twv oéwv Kal
TOU TITNTIKOU KAGOPOTOG £QAPPOOTNKE N AVAAUTIKA JEBOBOG TNG PACHUATOPWTOMETPIAG
UV-Vis akoAouBoupevn atmod aépia xpwuartoypagia & cuvOuaouo PE QACUATOUETPIA
padag. MNa tn deUTePN TEXVIKN, TO EKXUAIOCPOTA €iXav TTPONYOUUEVWG KABAPIOTEN YEow
ouplyyag Graphitized Black Carbon yia EkyxUAion Ztepedg ®dong. Ta atmroteAéopara
atmmokdAugav o1l To PEF ¢€ixe BeTikh e€midpaon oTa a-0¢€a Tou TTIKPIKOU AUKIOKOU
augdvovtag Tov PuBud ekKXUAIONG auTwv Twv o&éwv Katd 20%, evw Ta TITNTIKA
TTapouciacav auénon 5,6 kai 7,4% vyia TO XOUMOUAEVIO KAl TO KAPUOQUAAEVIO,
avTioToixa. Ooov agopd TNV apwHaTIKA TTOIKIAIQ Tou AuKiokou, n emmegepyaocia PEF dev
@AVNKE Va £XEl agloonUEiwTa ATTOTEAEOUATA OTIG OUVOAKES TTOU £QapuOOTNKAVY.
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6.2 Anuoacicuon ll

In situ Creation of the Natural Phenolic Aromas of Beer: A Pulsed Electric Field
Applied to Wort-Enriched Flax Seeds

MNa Tn AeTrTOopEP TTAPAYWYH QAIVOAIKWY APWHATWY OTNV UTTUPA, £PAPPOOCTNKE Eva
TTOAAOUEVO NAEKTPIKO TTEDIO OTO YAEUKOG WTTUPAG, TO OTTOI0 ATAV EUTTAOUTIOUEVO HE
o1mopoug Aivapiou. H emAoyr Twv ommopwyv Aivapiol wg TTNYRS PEPOUAIKOU 0EEOG
BaoioTnke OoTNV UYWNAN TTEPIEKTIKOTNTA TOUG OE TTPOOPOUEG OUTIEG PEPOUAIKOU Kal OTNV
eyyevn BpetrTikr Toug agia. To PEF epapudoTtnke o aheopévoug aropoug Aivapliou, PeE
Kal xwpic PBATa yAukoolddon. H {Uupwon TtpayhaTtotroinOnke pe OTeEAEXN CUPNG
Saccharomyces kal pn Saccharomyces.. EmimAéov, n 4-BivuAyoudiakoAn (4-VG), éva
MOPIO HE ECAIPETIKA EVIOVO dpwua (TITNTIKA @aIvOAn), TTapnAxen ue atrokapBouAiwon
TOU QPEPOUAIKOU 0&EOG 1 Tou TTPpodpOPou Tou Kal adpavoug oTn yeuon (4-udpou-3-
MEBOEUKIVVAUIKG 0&U). OAa Ta oTeEAEXN CUUNG UTTOPECAV VO PETAROAICOUV TO QPAIPOUAIKO
0¢u og 4-VG, xpnoldoTTolwvTag TNV Kabapr £évwon pEoa o€ £va OUVOETIKO NECO ) TNV
UTTapén TNG 0€ OTTOPOUG AIVAPIOU, PE TNV UEYAAUTEPN ATTODOON VA EVTOTTICETAI OTTO TN
(Upwon pe Saccharomyces cerevisiae wg TPOdpopo. H péBodog cixe artrddoon
mapaywyns 4-VG €wg kai 120%. Or treipapatikég ouvenkeg diegnxbnoav pe E= 1
kV/cm, ouvoAIkog xpdévog emegepyaaiag 15 Aetrtd (xpdvog tediou ti = 1 ps, xpdvog
TTavuong tp = 1 ms, ZuvoAikoi TTaApoi 9003). H atroteAeopaTIKOTNTA TNG EQAPUOYNAS ATAV
ave¢dpTnTn a1rd auTh TNG CUKNG.
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6.3 Anpoaicuon lll

Use of Pulsed Electric Field as a Low-Temperature and High-Performance
“Green” Extraction Technique for the Recovery of High Added Value Compounds
from Olive Leaves

Ta @UANa eNIdG, €va UTTOTTPOIOV TWV YEWPYIKWY ATTORANTWY, BewpouvTal OnUAVTIKN
BioAoyikrA Ty TTOAUQAIVOAWY, YVWOTEG WG BIOOPACTIKEG EVWOEIG. 2€ QUTAV TNV PEAETN
aglohoyndnke n TeEXVIK TOUu TIAANOPEVOU nNAEKTPIKOU Trediou yia Tnv egaywyn
TTOAUQAIVOAWV aTTd QUAAA €ANIGG. O1 TTapdApeTpol TNG MEAETNG TTEPIAGUBavav pia osipd
“Tpdoivwy” dIOAUTWY (aIBavoAn, vepsd, KaBWG Kal PEiyHaTa autwy o€ avaloyieg 25%,
50%, 75%) kal dIaQOPETIKES TIUEG Yia TN didpkela TTaApou Tou PEF. O BaBudg ekxUuAiong
agloAoyninke XPENOIMOTTOIVTAG AVAAUCEIS OUYKEVTPWONG OAIKAG @aivoAng (uéBodog
Folin—Ciocalteu) ka1 uypng xpwuatoypagios uywnAig amoédoong (HPLC), evw n
avTIoEEIdWTIK  dpdon agloAoyABNKe XPNOIPOTTOILVTAG BepuIdOouETPIa  BIAYOPIKAG
odpwong. Ta arroteAéopata TTou eAN@Onoav ato Ta ekxuliopata PEF ouykpibnkav pe
QUTA TWV EKXUANIOPATWY TTOU TTapayovtal Xwpig Tnv e@apuoyry PEF. To uywnAdTepo
ammotéAeopa PEF traparnpnonke yia udartikry aiBavoAn, 25% viv, XpnoIgOTIoOIWVTaG
d1dpkela TTaApou 10 ps. H augnon Twv ouvoAikwv TToAu@aivoAwv é@tace 1o 31,85%,
EVW N aUgnon OTOUG OUYKEKPIUEVOUG PETAROAITES €@TaOE TO 265,67%. H avaktnon oTig
TTOAUQAIVOAEG BpéBnke OTI e€apTtdtal atmd Tov OIaAUTn, TN OIdpPKEIa TTOAPMOU TG
diepyaciag Kal TN doun Twv PETABOAITWYV TTOU EKXUAIOTNKAV.
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6.4 Anuocicuon IV

Optimization of Pulsed Electric Field as Standalone “Green” Extraction Procedure
for the Recovery of High Value-Added Compounds from Fresh Olive Leaves

2TN OUVEXEIA TNG TTPONYOUMEVNG épeuvag agloAoyndnke n aflotroinon Twv amoBARTwvV
QUAWV €NIGG péOow TNG MEYIOTOTTOINONG TNG OUYKEVTPWONG TTOAUQAIVOANG OTa
eKXUAiopaTa. EpeuvnOnkav €Tmiong TTEPICOOTEPEG TTAPAMETPO! VIO TNOUVEICPOPA TNG
PEF otnv etamkh eKXUANION OIOAEITTOVTOG £pyou OTEPEOU-UYPOU TwWV QUAAWV €NIGG
emMAEyovTag Kal pubpifovrag he akpifeia onuavTikEG TTapauéTpoug Tou PEF, 601TTwg n
YEWWETPIa TOU BaAGuou eKXUAIONG, N €vTaon Tou NAEKTPIKOU TTediou, N dIApKEIA TTAAPOU,
n TePiodog TTOAPOU (Kal n ouxvoTnta) kai n Oidpkela ekXUAiong. Ta TrapayxBévra
eKXUAiopaTa aglohoyndnkav p€ow oUYKPIONG WETAEU TOUG Kal EvavTl EKXUAIOUATWY TTOU
eAqoOnoav xwpig Tnv epapuoyn PEF. MNa tov mpoodiopiopd TnG amédoong ekXUAIONG
xpnoigotoindnkav n péBodog Folin-Ciocalteu, n uyph xpwpaTtoypagia uwnAAig
atrodoong Kal n diapopiky BepuidopeTpia odpwong. H BEATIOTN cuveiopopd Tou PEF
oTnNV IKavVOTNTA €KXUAIONG OAIKWV TTOAUQaIVOAwV (aug¢non 38% pe augnon 117% yia
OUYKEKPIMEVOUG NETARBOAITEG) TTAPOUCIACTNKE Yia opBoywvio BAAauo ekxUAiong, 25% viv
a1BavoAn:vepou, diapkeia TTaApou (tpulse) 2 ps, évraon nAektpikou Trediou (E) 0,85
kV/cm, Ttrepiodog 100 us (T) kar didpkeia ekxUANiong 15 Aemmtwv  (ekxUAIon),
emBeBaivovTag pia onpavTikr €€apTnon Tng ammédoong TG ekxUAIong pe to PEF atrd
TIG ETTIAEYUEVES TTAPAUETPOUG.
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6.5 AnuocicuonV

Extraction of volatile aroma compounds from toasted oak wood using pulsed
electric field

2€ AQUTAV TNV £peuva TTPOCdIopioTNKE N €TTiIdpacn Tou TTAAAOPEVOU NAEKTPIKOU TTEDIOU
oTnNV €KXUAION TITNTIKWV &VWOEWV atmmd ynuéva pokavidia BeAavidids Bubiopéva o€
d1dpopa udaTikG diaAupata alBavoAng (5%, 12%, 50% kai 70% v/v). Q¢ péBodog
avAaAUONG ETTIAEXTNKE N AEPIO XPWHATOYPAQPIA O€ OUVOUAONO PE PACPATOOKOTTION HACag
Kal n ekxUAIon nTav utroBonBoupévn atrd utreprixoug. H etre¢epyaoia ye PEF £€deige Tnv
uwnAoTepn etmidpaon oto didAupa 5%, au&dvovtag tn Bavihivn, Tn ouplyyaAdelion, Tn
Aaktovn Opudg (Cis and trans 1oopepry TNG B-methyl-y-okTaAakTdévng) Kai TN
@oUpPPOUPAAn Katd 75%, 371%, 13% kai 50%, avtioTtoixa. To PEF dokiydoTtnke €1miong
o€ AylwpYITIKO KOKKIVO Kpaai, g€ BUvn Kal atTooTAyhaTa Kpaoiou. Na 10 KOKKIVO Kpaai,
10 PEF pe 10x0 1,2 kV/cm aiénoe tnv amoédoon Tng €KXUAIONG TwV EVWOEWV TOU
apwpatikoU ¢UuAou atro 5% o€ 200%. AIOQOPES OTIGC CUYKEVTPWOEIG TWV EKXUNOUEVWV
TITATIKWY EVWOEWV METAEU TOU MAPTUPA Kal Twv OelyudTwy TTou UTTOBANBnkav o€
emmegepyaoia ye PEF traparnpribnkav 1riong ota amootdyuara Buvng kail kpaoiou. H
OPYQVOANTITIKI agloAdynon £0eige OTI n PBuvn TTOU €XEl UTTOOTEI eTTeCepyaoia ue PEF
ATAV TTAPOUOIA PE £V TTAAAIWPEVO OUIOKI, JE ATTOXPWOEIG PPUYAVIOUEVNG BEAaVIBIAG.
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6.6 Anuocicuon Vi

Pulsed Electric Field and Salvia officinalis L. Leaves: A Successful Combination
for the Extraction of High Value Added Compounds

H mmapouoa peAETN €ixe wg oTOX0 va aglohoyrioel Tnv uttoonBouuevn atrd TaAAduevo
NAEKTPIKO TTEdIO EKXUAION @QUTOXNMIKWY atmd Ta @QUAAa Tou Salvia officinalis L. Ol
TTOPAPETPOI TTOU PEAETABNKAV TTEPIAGUPBavay pia didpkeia TaAuou 10 kar 100 ps yia 30
AETTTA, XPNOIYOTTIOIWVTAG  JIAPOPETIKOUG TTPACIVOUG OIOAUTEG: KaBapr) aiB@avoAn,
KaBapd vepd kal Ta peEiyMOATA TOUG O€ Ouykevipwoelg 25, 50 kai 75% viv. Ta
EKXUANiOPATa TTOU TTPOEKUWAV  agloAoynonkav €vavtl eKXUNMOPATWY avagopdg TTou
eMjobnoav xwpic PEF. TMa Ttnv ekTipnon tng amoTeAeOMOTIKOTNTAG TNG €KXUAIONG,
TTPOOBIOPIOTNKE N TTEPIEKTIKOTNTA OE OANIKEG TTOAUQPAIVOAEG, MEPMOVWUEVES TTOAUPAIVOAEG
KAl TITNTIKEG EVWOEIG, KABWG Kal n aviox otnv o¢gidworn. H BEATIOTN ouveiopopd Tou
PEF oTIG OAIKEG KAl JEPOVWHEVES TTOAUQAIVOAES, POCUApPIVIKO OEU, IKavOTNTA EKXUAIONG
(Ewg 73,2% ka1 403,1% augnon, avriotoixa) ANeonke otov udaTiko dIaAUTN aiBavoAng
25%v/v xpnoipotroiwvtag didapkeia TTaApgou 100 ps. To PEF atrodeixbnke O11 €TTnpeddel
emmiong TNV TEANIKA OUyKEVTPWON Kal T oUvOeon Twv TITNTIKWY EVWOEWV TWV
EKXUANIOPATWY TTOU AauBdavovTal.
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6.7 Anpocicuon VIl

Hyphenated Extraction of Valuable Compounds from Aesculus carnea:
Ultrasound Extraction with Pulsed Electric Field Pretreatment

2€ QUTAV TNV €pyacia aoXOAnBAKAUE PE TA UTTOTTPOIOVTA TNG UAOTOUNONG KOl TOU
KAadéuatog. H e€aywyry TTOAUTIHWY €VWOEWV aTrd QUOIKA UTTOTTPOIOVTA €ival HIa
ouyxpovn TAOn TOU PonBdel otV €AaXIOTOTTOINON TOU  TTEPIBAVTOAOYIKOU
ATTOTUTTWHATOG. H Xprion Tou TTOAAOUEVOU NAEKTPIKOU TTEdioU agloAoyrnonke wg oTddio
TIPOETTECEPYQTIAG, TIPIV ATTO TNV UTTOonBouuevn aTrd UTTEPNXOUG EKXUAION PAIVOAIKWYV
evwoewv atrd UAAa Aesculus carnea. EmimAéov, e€eTaoTnKav dIAPOPEG OUYKEVTPWOEIG
dlaAuTwy, KaBwg kal o xpoévog TipoeTTeCepyaoiac upe PEF. Zopowva pe T1a
ammoteAéopata, £€w¢ Kal 33% TTEPICCOTEPEG  QPAIVONIKEG EVWOEIG MTTOPOUV  va
eKXUAIOTOUV, UuTTO BéATIoTEG Ouvlnkeg (30% aiBavoAn oe vepd wg dIaAUTNG Kal
mpoetregepyaoia PEF yia 30 Aemrtd, o€ oulykpion ue Tov id1o dlaAuTtn, Xwpic PEF).
EmimmAéov, o xpoévog etregepyaciog pe PEF dev £€0¢€1Ee DIAQOPETIKG aTTOTEAEOUATA KOl OEV
Karaypagnkav OlagopEG, UTTOdNAWvVOVTAG OTI XANNAOTEPOG XPOVOG E€TTECEPYATIag
MTTOPEI VO aTTOQEPEI TNV idIa EKXUAIOT QaAIVOAIKWYV eVvWoewv. Q¢ €K TOUTOU, N XpHon Tou
PEF ouviotdrar 18iaitepa o€ ouvOuaoud ME €KXUAION HE  UTTEPNXOUG, Via TN
MEYIOTOTTOINON TNG ATTOd00NG TWV QAIVOAIKWY EVWOEWV TTou £€dyovTal ammd Ta QUAAQ
Tou Aesculus carnea.
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6.8 Anpocicuon VI

Combination of Pulsed Electric Field and Ultrasound in the Extraction of
Polyphenols and Volatile Compounds from Grape Stems.

Eivar yvwoTd o1 OoTpuxol TwWV OTAPUAIWY attoTEAOUV UTTOTTPOIOV KaTd Tn dladikaoia
TNG OIVOTTOINONG, TTAPA TNV UWNAR TTEPIEKTIKOTATA TOUG O€ TTOAAEG TTOAUTIUEG evwoelg. O
OTOXOG QUTAG TNG €pyaciag ATav va eCETOOTEN Qv N Xpron TTOAAOUEVOU NAEKTPIKOU
mediou Ba ptTopouce va augroel TNV atrdédoon TTOAUPAIVOANG Kal TITNTIKWY EVWOEWV
oTta ekXUAiopata. [a Tov AOyo autd, XPNOIMOTTOINONKE MIA OXETIKA XAMNAAG
KatavaAwong evépyelag dliepyacia PEF (xaunAn évraon nAektpikou tediou, 1 kV/cm)
yia PIKPO Xpovikd didotnua (30 AeTTTd) oTOUG POOTPUXEG TWV OTAQUAILWYV. EmITTAéOoV,
e€eTAoTNKE N €midpaon OlIaPOPETIKWY OIOAUTWY Katd Tn dIdpKeld Tou oTadiou TNnG
TTpoeTTegepyaoiag. Me Tn xprion Tng availuong Folin—Ciocalteu, Ta ekyxuAiopaTa
ouykpiOnkav pe Ta avtioToixa Ociyuata eAéyxou (Ox1 Tpoemreéepyacuéva ue PEF).
EmimmAéov, TTapaokeudoTnkav ekxUAiopara yia va aglohoynOei edv oupfaivouv aAAayég
OTO TITNTIKO TTPOPIA TwV EKXUAIOPATWY. Ta atmmoteAéopata £€deigav o1 01 yovo 1o PEF
MTTOPEI va augnoel Tnv amodoon Twv TTOAUQAIVOAWY (KATaypa@nke augnon €wg Kal
35%), aAAG kal 0TI 0 BIAAUTNG TTOU XPNOIYOTIOIEITAI KATA TNV TTpoeTTeEepyaaia Tou PEF
MTTOpEl va emnpedoel TN dladikaoia. EmmmmAéov, kaTtaypdenke augnon 234% oTn
OUVOAIKN TTEPIEKTIKOTNTA OE TITNTIKEG EvWOoelg, 6tav To PEF xpnoiyotroiénke wg otddio
TTpoeTTegepyaoiag. Emopévwg, o ouvduaopdg PEF kalr ekxUAiong pe Tn PonBeia
UTTEPAXWV €ival TTOAAG UTTOOXOMEVOG yia TN AQywn PIOdPACTIKWY EVWOEWV ATTO
BooTpuxES OTAPUAIOU.
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6.9 Anuoaicuon IX

Pulsed electric field: A “green” extraction technology for biomolecular products
from glycerol with fermentation of non-Saccharomyces yeasts

H yAukepOAn eival To KUPIO opyavikd UTTOTTPoIOV TNG Plounxaviag PiovTtiCeN kail €ival
TNy avlpaka yia CUUWOEIG ] UTTOOTPWHA YIa BIOPETOOXNMATIOPNOUS. AUuTA n gpyacia
dlgpeuvnoe av TO TIAANOPEVO nNAEKTPIKO TTeEdio PTTOPEI va XpnoigoTroinNdei yia va
EVIOXUOEI TNV €KXUAION TTOAUOANG Kal TTpoTTavodioAng atmd (upwoelg Pe Bdon
YAUKepivn/YAUKOLN. MeAeTABNKav Tpia JIAQOPETIKA €UTTOPIKA, M Saccharomyces
oTeAEXn, 1O Torulaspora delbrueckii Prelude (Hansen), to Torulaspora delbrueckii
Biodiva 291 (Lallemand) kai 10 Metschnikowia pulcherrima (Lallemand). Ta
amroteAéoparta €6€1Eav OTI To PEF €ixe BETIKO avTiKTUTTO OTNV €KXUAION TTOAUOAWV TTOU
Kupaivetalr atmd 12 éwg 191%, ave¢dptnta amo TIG ouvelnkeg CUPwong. To OTEAEXOG
Torulaspora delbrueckii Biodiva 291 (Lalemand) BpéBnke 611 gival MO ATTOTEAECUATIKO
oe pH 7,1. Agiohoynbnke pia BeATiototroinuévn péBodog pe PBaon TNV aépia
XPWHOTOYPAQIa yIia TOV TIOIOTIKO Kal TTOOOTIKO TTPOCIOPICHO TWV OXNUATIOPEVWYV
TTPOoIOVTWYV. Ta TTEIpAPaTa TTPAYUATOTTOINONKAV EITE O QIAAEG €iTE O€ BloavTIdOPACTHPA.
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7. Zuutrepaopara

MNa autAv 1N dI1I0TPIRA KATOOKEUAOTNKE €va oUOTNUA TTAAAOUEVOU NAEKTPIKOU TTEdioU
€XxovTag AGBEl UTTOWN TA UTTAPYXOVTA EPTTOPIKA OUCTAUATA TOOO £PYAOTNPIAKNG, OGO KAl
BiounxavikAg KAipakag. XapaktnpIioTIKA dla@opd TOu TTPOKEINEVOU CUOTAPATOG €ival n
TTPOoBNKN €vog B1aKOTITN IGBT Kai n AsiToupyia Tou pe EAAXIOTN KATAVAAWON EVEPYEIQG.
Emiong, kataokeudoTnkav nAekTpddia pe Ta otroia atmrodeixbnke 611 avdAoya pe Tov
TUTTO TNG €KXUAIONG 11 TN @UON TOU UTTOOTPWHOTOG 1 €v yével TO UANIKO TIPOG
ETTECEPYQTia, OIAPEPOUV WG TTPOG TNV ATTOTEAECUATIKOTNTA TOUG.

H Oiatpifry auTh) OuveicEQPePEOTNV TeEKUNPIWaN OTI N NAEKTPOBIOTTEPATOTATA TTOU
TIPOKAAEI N TEXVIKA TOU TTAAAOPEVOU NAEKTPIKOU TTEDIOU OTA MPIKPOPIAKA, QUTIKA 1 Kal
(wika KUTTOpa €ival duvatov va XPNOIYOTIoINBEi yia Tnv ekXUAION [Blo evepywv,
EVWOEWV, @QOPUAKEUTIKOU, OIOTPOPIKOU [l ATTAWG TEXVIKOU €VOIAPEPOVTOG, OTTWG
QPWHATIKEG EVWOEIG N1 TTapdywya Pio-yeTarporrwy. Me tnv 1exvIky Tou PEF T1TOU
xpnoigotroiNdnke empefaiwdnke Ot TEPA AT dladikaoieg diIACTTAONG TOU KUTTAPOU,
OTTWG N TTAOTEPIWON, N TEXVIKI UTTOPEl va cupBdaAel otnv BeATiIoToTToinNCN d108IKACIWY
EKXUANIONG. Mg Tn Xprion NG TEXVIKNAG MTTOPOUV va OTTOMOVWOOUV ONPAVTIKEG OUCIEG,
MEIWVOVTOG KATA TTOAU TO EVEPYEIAKO Kal OIKOVOMIKO KOOTOG. TEAOG, atrodeixbnke OTi
1600 10 PEF pdvo tou 600 Kal o€ ouvliuaouo pe AAAEG PEBODBOUG €ival IKavO va PEIWOEI
TOV ATTAPAITATO XPOVO MIAG dIadIKaoiag o€ OUYKPIoN WE TIG KAAOIKEG NEBODOUG.

Mpogavwg, dev Katéotn OuvaTh n MEAETN OAWV TOUG EVWOEWV Ol OTTOIEG PTTOPEI va
ernpeddovTav atd tnv xprion tou PEF ot pia diadikacia. 'ETol, €MKEVIPWORKAUE O€
OPWHATIKEG EVWOEIG TTOU OUVAVTWVTAI OTA TIOTA Kal Trapdyovtal JE OIadIKAOIES
EKXUANIONG €iTe a1TO TO TTEPIBAANOV TOUG E€ITE PE TTPOCOAKEG OTO E0WTEPIKO TOUG. 2TNn
OUVEXEID, TEKUNPIWOOUE OTI ONUAVTIKEG OUCIEG yIa TNV avlpwTrivn uyeEia, OTTwWG ol
Taviveg, oI avBokuaviveg Kal Ta QAIVOAIKA gival duvatov va avaktniouv atrd yewpyika
atmoBAnTa, 61TTWG o1 BOCTPUXOI  Ta QUAAA €NIGG, pe Tn BonBeia Tou PEF.

Ev katakA€idl, Ba ptropoucape va ocuvowiooupe OTI he TN dIaTpIB auTh aTTodeIkvUETAl
OTI N TeXVIKA Tou PEF egival pia véa texvik amopdvwong kail TTapaAafAg onUavTIKWV
EVWOEWV atrd QUTIKOUG 1I0TOUG, MIKPOPIAKES CUMWOEIG, AKOUA KAl ATTO UTTOOTPWHATA TTIO
TTEPITTAOKA péoa o€ TToIKIAa TTEPIBAAAOVTA OTTWG UdATOAAKOOAIKA SIaAUUATA, PEIYHATA
MEBAVOANG vepoU Kal uypd CUPWOewvV TTou TrEPIAaUPBAvouv CwvTavd JIKPORIaKA
KUTTapa. Me Tov TpOTTO auTd deixvouue OTI N TEXVIKI AUTH UTTOPEI va BewpnBei 6T gival
MIa  TTPACIVN TEXVIKN, @IAIKI) TTPpOg TO TrePIBAANOV, XwpPiG va atraitei TN XPnRon
ETTIKIVOUVWV OIOAUTWV 1] BEPUIKWV ETTECEPYATIWV Ol OTTOIEG UTTOPOUV VA KATAOTPEWOUV
TO TTPOIOV Kal £XOUV PEYAAO EVEPYEIOKO ATTOTUTTWA.
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Tautdyxpova pe TNV TTAPATTAVW €peuva, atrodeigape Ot n TeXVIKI Tou PEF ptropei va
EQPAPMOOTEI PJE EVAV KAIVOTOUO TEXVOAOYIKA £COTTAIONO, TTIO ATTAG, XWPIG va ATTAITOUVTAI
ID10ITEPA NAEKTPIKA TTEDIA KAl CUVETTWG TEXVIKA AIYOTEPO ATTAITNTIKO. AVOiXTNKE €TOI O
OpOHUOG VYIO va JTTOPEl va XPNOIYOTToINOEl aTrd TTEPICOOTEPA €PYACTAPIA KOl YId
TTEPIOOOTEPESG EPEUVEG.

O €€oTTAIONOG TTOU KOTAOKEUAOTNKE EUTTEPIEXEI KUKAWPATA TTOU PTTOPOUV VA TTAPAyouv
NAEKTPIKOUG TTaApoug ammd 1000V £wg 5000V kal dId@opwy OXNHATWY Kal JEYEBwWV
NAEKTPOdIO. To  oOxedlOOPEVO  nNAEKTPOdIO  KATEXEl  KABOPIOTIKO pPoOAd  OTnv
QTTOTEAEOUATIKOTNTA TNG EKXUAIONG KATA TNV ekTéAeon Tng diadikaciag. EtTopévwg, n
€TMIAOYN UAIKOU Kal 0 oXedIaouOg €ival KOPBIKAG onuaciag yia Tn ouvoAikn Tropeia. lMNa
AOGyoug OTaBEPOTNTAG KAl NAEKTPIKAG AYWYINOTNTAG XPNOIMOTIOINONKE TO AVOLEIdWTO
aTOGAI Kal 0 XaAKOG.
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ABSTRACT

This paper investigates the process of extracting hop pellets (hops) utilizing the pulsed
electric field (PEF) technique and the contrasting effects of the technique between two
distinct hop varieties (one bitter and one aromatic). The effect of PEF on the extraction
was evaluated by measuring the concentration ofa-acids andf-acids (humulones and
lupulones). Regarding the aromatic character, the hop’s volatile caryophyllene,
humulene and B-myrcene were analyzed both with and without employing the PEF
treatment. In order to analyze the acids and the volatile fraction, the analytical method
of UV-Vis spectrophotometry was applied followed by gas chromatography coupled with
mass spectrometry. For the second technique, the extracts were previously purified
through a Graphitized Carbon Black syringe for Solid Phase Extraction. The results
revealed that PEF had a positive impact on the alpha acids of bitter hops by increasing
the extraction rate of these acids by 20%, while the volatiles demonstrated an increase
of 5.6 and 7.4% for humulene and caryophyllene, respectively. Concerning the aromatic
variety of hops, the PEF treatment appeared to have no noteworthy effects.

Keywords: hops, pulsed electric field, a-acids, B-acids, extraction, SPE

INTRODUCTION

Hop pellets are renowned for contributing to the bitterness of the taste and the
enrichment of aroma in beer. They come from the plant Humulus lupulus and,
specifically, from its female cone. The genus is represented by two species; the
Humulus, the common hops (H. lupulus L.), and the Japanese hops (H. japonicus Sieb.
and Zuce.). The Humulus genus particularly, belongs to the family of the
Cannabinaceae (Steinhaus and Schieberle, 2000). Hops complement beer in a complex
way due to their chemical composition, which varies depending on the variety used, the
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cultivation techniques and the extraction that occurs during the processing of the beer.
In air-dried hop cones, water accounts for 10%, total resins for 15%, essential oils 0.5—
2%, tannins 4%, monosaccharides 2%, proteins 15%, ash 8% and cellulose 43%
(Stevens, 1967). Additionally, it is remarkable to mention that hops have been used in
folk medicine in the past since they possessa broad spectrum of medico-pharmaceutical
properties. The hop pellets are financially exploited primarily by the beer industry. Hop
resins include hard resins, soft resins and uncharacterized resins. Hard resins make up
the part of the total resins which is insoluble in low boiling paraffinic solvents. Soft resins
contrastively, are the fraction of total resins soluble in low boiling paraffinic
hydrocarbons and mainly include the acids and thef-acids. Thea-acids consist of
humulones, cohumulones and adhumulones while the B-acids include lupulones,
colupulones and adlupulones (Stevens, 1967). There is also another part of the resins
which are uncharacterized. This fraction is the portion of the soft resin remaining after
precipitation of a-acids with lead acetate and crystallization of B-acids (Stevens, 1967;
Kunze, 2004). Another important constituent of the hop flower, is the essential oils
located within the hop cone. This fraction is also known as “hop oil” and is mainly
composed by the volatile aromatic compounds. The total oil content depends on
thevariety of hop and varies between 0.1 and 2.0% by dry weight (Stevens, 1967). In
this fraction more than 400 hop flavor components have been identified in majority
monoterpenes (C10) and sesquiterpenes (C15). The main volatiles in hops cultivars are
myrcene, a-humulene andf-caryophyllene, which account for80% (Rettberg et al.,
2018). Myrcene varies from variety to variety and can contain from 10 to 72% of the
‘hop oil”. This compound bestows the green fresh note with resinous aspects
(Steinhaus and Schieberle, 2000; Nance et al., 2011). Myrcene’s oxidation forms many
terpenoids, such as linalool, geraniol, citral, a-terpineol and carvone, known for their
augmenting effects on the aroma (Dieckmann and Palamand, 1974; Rettberg et al.,
2018). With respect toa-humulene (15—-42% of the essential oil of hops) andf-
caryophyllene (2.8—-18.2% of the essential oil), they are known for their woody and spicy
odor (Peacock and Deinzer, 1981;Nickerson and Van Engel, 1992; Peacock and
McCarty, 1992;Eyres and Dufour, 2009).Conventional extraction methods require
extended extraction times, high purity solvents, often offer low extraction selectivity and,
finally, in some cases are responsible for the thermal decomposition of sensitive
compounds (Bozinou et al., 2019).For the above reasons, new extraction techniques
have been introduced. These methods include ultrasonic waves (Hossainet al., 2014;
Bimakr et al., 2017), gamma irradiation (Gyawaliet al., 2006; Pinela et al., 2014) and
electric fields, including the pulsed electric field (PEF) (Delsart et al., 2012; Zhang et al.,
2012).These methods are already applied to other crops of commercial interest such as
grapes, onions, potatoes, etc. New technologies, such as PEFs and high voltage
electric discharges (HVED), have been proposed formicrobialin activation of food liquids
(Delsart et al., 2015), for the extraction of compounds from Chardonnay grapes (Grimi
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et al.,2009) or other fruits, such as apples (Grimi et al., 2011). HVEDshave also been
proposed for the extraction of polyphenols and other compounds with antioxidant
activity (Boussetta et al.,2009; Boussetta et al., 2011).The application of PEF has
principally been used as a non-thermal treatment of liquid foods aiming to the
inactivation of microorganisms (Grahl and Markl, 1996; Alvarez et al., 2003).The
microbial inactivation is a function of food composition which depends on the
composition of the solution and the electrical parameters (Heinz et al., 2003; Touya,
2005; Vorobievand Lebovka, 2010). Other researchers have introduced electric field
treatment for the acceleration of aging of young wine thanks to the extraction of flavor
compounds from wood (Zeng et al.,2008; Drosou et al., 2017).The disruption of the cell
membrane due to electroporation is caused by the high intensity of the fields induced by
PEF. This disturbance of the architectural structure of the membrane and the
disorganization of the integrity of microbial or plant cells, lead to complex phenomena
such as cell lysis or the fusion of protoplasts. When the transmembrane potential
exceeds acritical value, generally around 0.8 to 1 V (Zimmermann,1986), pore formation
occurs in the cell membrane and certain metabolites diffuse in the extracellular medium.
This state can be transient and reversible if the applied field remains below a certain
level (Cukjati et al., 2007). On the other hand, the electropermeabilization of cells must
be irreversible when the objective is the inactivation of microbial cells. The PEF
treatment system is not a simple device and consists of a high voltage source, in some
cases a capacitor bank, a switch and the treatment chamber. The PEF treatment
chamber comprises two or more electrodes, filled with the material to be treated and it is
constructed so that the electric field acting on the mass of the product to be treated is as
homogeneous as possible (Maged and Ayman, 2012). Hops are the most complex and
costly raw material used in brewing. Of all the herbs that have been used to flavor and
preserve beer over the ages, only the hop (H. lupulus L.) is now regarded as an
essential raw material in brewing throughout the world. In 2017, 148,603 tons of hops
were produced worldwide(FAQO). The majority was produced in the United States, with a
total of 47,000 tons. Considerable amounts were also produced in Ethiopia and
Germany yielding up to 38,000 and32,000 tons, respectively. The estimated needs for
a-acids are calculated up to 8,000 tons, and the average price is valued approximately
at 8 United States $ per kg. Demands for alpha acids are estimated on the basis that an
average of 4.1 g is needed per hectoliter of beer (European Commission). Hop content
varies depending on the type of beer, particularly considering its bitterness, and the
variety of hop used. Hop content displays a steady decline in percentage annually (it still
stood at 6.3 g alpha per hectoliter in 1995) due to the consumers’ growing preference
for less bitter beers, and the technological progress that this preference has brought
about. Different brewing techniques have been developed to enhance the extraction of
volatiles and acids in hopped beers. The most significant contribution of hops to beer
flavoring is that of the so-called soft resins, principally the alpha acids (also known as
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humulones), which are ultimately responsible for the characteristic bitterness in the
taste. Analytically, the aroma of hops and the flavor of hoppy beers cannot be measured
by the quantification of a single odorant; moreover, the selection of several key
compounds or a comprehensive characterization (profiling) is of great importance.
Analysis of hops and beer is challenging. This study determines the effect of PEF
treatment on two hop varieties for the extraction of bitter acids and volatiles. No
previous studies have been published on this field to the extent of our knowledge.
Additionally, research on the divergent effects of the treatment on two separate hop
varieties (bitter and aromatic), was carried out.

(electrode) (cylinder) (teflon rings)
f— BFA + (positive)
- 1mm smm e
| ¥ CE)[ A
28mm | —
Smm =
i |5 g

165mm
155mm

FIGURE 1| View of treatment chamber.

MATERIALS AND METHODS

Plant Material

The two different varieties of hop cones (pelletized) used in this study were purchased
by the Macedonian Thrace Brewery S.A.(Athens, Greece). The first variety was bitter,
known for its high content in “bitter” acids. The second variety was aromatic, known for
its high quality of essential oils. The characteristics of the two varieties were determined
(using the methods described below).

Moisture Content Determination

For the determination of the dry matter content of hops, an established method
regarding the moisture content of hops and hop products by European Brewery
Convention, 2006 (EBC,7.2, 1998) was employed. After being weighted, the samples
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were dried in a vacuum oven in 85-C for 6 h. The moisture percentage was determined
according to the following equation: Moisture in, hops was calculated as:

0 =12 W90 1555 inwtx 100)/(wt of sample).

wt of sample

Hop Storage Index (HSI)

The determination of HSI| was carried out according to the American Society of Brewing
Chemists and specifically the Method of Analysis HOPS-6. A, where, the oxidative
decrease in botha- andp-acids content during storage is determined by the progressive
increase in the ratio of absorbance at 275-325 nm. Such loss ina- and@-acids and
increase in the hopstorage index (HSI) ratios may reflect unfavorably on the utility and
quality of the hops.

The HSI was calculated on a ratio of absorbance at 275 nm(A275) to the absorbance at
325 nm (A325) after PEF treatment and compared to the same ratio without PEF
(control).

Chemicals The dichloromethane, chloroform, sodium chloride, ethylacetate, methanol,
N-pentane, anhydrous sodium sulfateand 2-octanol used were purchased from the
Chem Lab(Zedelgem, Belgium).

PEF Equipment

The PEF equipment used was provided by Val-Electronic (Athens, Greece), and
included the static bench scale system, reported previously (Bozinou et al., 2019),
accompanied by another high voltage power generator (from Eisco, India). The model of
the batch processing chamber (TC) was adapted froma design of cylinder type
electrodes (Ohshima and Sato, 2004) and consists of a coaxial stainless steel electrode
[5 mm in diameter and 165 mm high, Figure 1(1)] placed inside a bronze cylinder [1 mm
thick, 155 mm high and 30 mm outer diameter Figure 1(2)] with a closed flat bottom. In
this cylinder are placed two teflon rings (28 mm diameter and 10 mm thick Figure 1(3),
one at the bottom Figure 1(3B) and another at the top Figure 1(3A) with a hole in the
middle to pass the electrode which serve to isolate the electrode of the outer bronze
cylinder (Figure 1).The electric field strength E is evaluated as E= U/d, where “U” is the
applied voltage and “d” is the distance between the electrode and the bronze cylinder
(d=12.4 mm).For each case, the treatment was calculatedas:

t=(ti+tp)xXP
ti = pulse duration (sec)

tp = pause time (sec)
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P= number of pulses.

For GC-MS analysis the extraction solvent was methanol. For UV-Vis analysis the
extraction solvents were methanol, toluene and water. For the capacitance
measurement the solvents were methanol, water and ethanol. For the extraction
method with water the electric field strength was E = 2.42 kV/cm, t = 30 min (ti= 1 ps, tp
=1 s, 1800 pulses), while for all the others solvents the treatment conditions were E =
1.13 kV/cm, t = 30 min (ti = 1 ps, tp = 1 s, 1800 pulses). For the combination “treatment
chamber- sample” there was no dielectric breakdown until the electric field strength of
2.5 kV/cm for 56 uF capacitance of the discharge capacitor. On these grounds, 1.15 to
2.5 kV/cm were used during this work. In order to select the number of pulses, UV-Vis
determinations were utilized to quantify the difference between treated samples and
controls. Absorbance was measured every 900 pulses. Accordingly, the number of
pulses selected was 1800. The pulse width was approximately 1 us and the frequency
of the pulse was 1 Hz. Treatment time was 0.75 ms. The temperature raise caused by
the treatment was negligible (<1-C).

Sample Preparation for PEF and ControlTreatments

Around 6 g of hop pellets were grounded to a fine powder using a grinding bowl. A 2.5 g
amount of this powder was weighed in a Schott Duran laboratory bottle (100 mL) with
Teflon-lined screw cap, and then, 50 mL of methanol was added (same procedure for
the other solvents). For the control, another identical sample was prepared and both
they left at 25-C for 30 min. Then, one sample was transferred to the treatment cell for
PEF and the other was used for control. After the treatment (30 min) both samples were
gravity filtered to remove the plant material and the filtrate (hop extract) was transferred
into a vial (20 mL) for analysis as described below.For the experiment with hydrated hop
pellets, an additional step was added for the two samples (treated and control) which
consist of a 30-min hydration in HPLC water before treatment in methanol or water.For
the evaluation of the treatment time on the extractability of the acids, the extraction
medium was methanol. Treatments of 15, 30, 45, and 60 min (increments of 900
pulses) were performed. And at the end of each time, the treated hop pellets were
filtered and processed as described above. The same procedure was also carried out
for the control sample.In all treatments, care must be taken to keep the temperature
below the boiling point of the solvent used.

a- and B-Acids Determination Using UV-Vis Spectra

The method used was adapted from Alderton et al. (1954) and Egts et al. (2012).
Specifically, in a 25 mL volumetric flask, 50 pL of the filtrate was added to a
methanolic solution of NaOH (0.5 mL of 6M NaOH in 250 mL of methanol) and the
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complete spectrum (520 to 210 nm) was recorded against a solution of methanol in
methanolic NaOH (50 pL:25 mL) as a blanc. The formulas used to find a-acid, B-acid
and a third component (comp 3) are the following:

A355 = 31.8Ca + 46.0CF + 1.0Ccomp3

A325 = 38.1Ca + 33.1C8 + 1.5Ccomp3

A275 = 9.0Ca + 3.7CF + 3.1Ccomp3

where A355, A325, and A275 stand for the absorbance of the three analytical
wavelengths and Ca, CB, and Ccomp3 stand for the concentrations (in mg/L) of the a-
acids, B-acids, and the third component, respectively (Egts et al., 2012).

a-Acids, B-Acids and Terpenes,Determination Using GC-MS

Prior to GC-MS analysis, the hop extracts were purified by applying a solid phase
extraction treatment (SPE) using a graphite carbon black syringe (GCB). The syringe
was first washed with 10 mL of dichloromethane (DCM) and then conditioned with 10
mL of methanol and 10 mL of deionized water under vacuum to the point of complete
dryness. After that, 5 mL of methanolic hop extract was added with 3 mL of distilled
water to the GCB syringe. The vacuum was then adjusted to give a flow of 10 mL/min
and the cartridges were dried under full vacuum for 10 min. When the cartridges were
dried, they were eluted with 5 mL ethyl acetate and 5 mL DCM. The eluents were
collected, then dried over sodium sulfate and filtered before adding 50 pL of the
internal standard (2-octanol 2500 ppm diluted in the pentane). The sample was then
concentrated into a flash evaporator to 1 mL and 1 pL of the sample was injected to
the GC-MS.

Capacitance of the Treatment Chamber

In order to measure the capacitance of the treatment chamber, the chamber was
consecutively filled with the materials used in the experiments. To achieve a correct
capacitance measurement, the treatment chamber must be electrically discharged.
For each of the materials the value of the capacitance was measured with a digital
capacitance meter (ProsKit MT-5110, Prokit's IndustriesCo. Ltd., Taiwan) with
precision + 0.5%.

Gas Chromatography/Mass Spectrometry Analysis

The instrumentation, the column and the conditions of GC-MS used were previously
described by Drosou et al. (2017).

DPPHe Assay
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The antioxidant activity of hop extracts was determined using the DPPH- assay. A
slightly modified method of Blois (1958) was adopted. At first, the samples were
properly diluted in methanol or ethanol (1:10). An aliquot of 0.1 mL of each diluted
extract was added to 3.9 mL of DPPH- radical solution (0.0029 g/100 mL methanol) and
the solution was then vortexed. After 20 min of remaining in the darkness, the
absorbance of each mixture was measured at 515 nm. Pure methanol with the DPPH-
radical was used as control. All samples were prepared in triplicate. Percentage of
inhibition of DPPHe radical | (%) of each hop extract was calculated according to the

following equation:
Ablank — Asample

1(%) = —a 100

where Ablank stands for the absorbance of DPPHe« with methanol instead of sample and

a-acids and B-acids

8
i _
0 I [~ | = R

PEF-treated Control PEF-treated Control PEF-treated Control PEF-treated Control
Bitter Aromatic Hydrated bitter Water dissolved bitter

W o-acids W B-acids

FIGURE 2 | % extraction of a-acids and p-acids determined by UV-vis spectrophotometer.

Asample is the absorbance of DPPH-« after the reaction with hop extracts.

Statistical Analysis
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Results are displayed as means of triplicate determinations. Statistical analysis was

TABLE 1 | Hop moisture, hop storage index (HSI), a- and p-acids content and
a-acids losses.

Hop variety
Aromatic Bitter
Moisture (%) 9.47 9.06
HSI 0.43 0.29
a-acids (%) 2.30 10.80
B-acids (%) 3.20 8.40
a-acids losses (%) 105.36 91.87

carried out using the Excel 2013 (Microsoft, United States) software. Standard
deviation for the concentrations of a- and [(-acids was calculated and presented in
Tables 5, 6 and in Figure 2.

Risk Assessment

Treatments in organic solvents should be done with caution. In general, in the absence
of water or even in binary water- flammable organic solvent systems, the flash point of
the solvent or mixture should be taken into account; the temperature should not be
increased, preferably at room temperature and the treatment should be carried out in
closed systems. Avoid electrical sparks around the treatment chamber.

RESULTS AND DISCUSSION
Hop Storage Index (HSI)

The physical and chemical values of the two varieties were determined prior to the PEF
treatment in order to acquire knowledge on the composition of hop samples. As it was
reported by Roberts (2016), HIS is a measure of the degradation and can be used to
quantify the losses of a-acids and B-acids during treatment. As it is shown in Table 1,
HIS values (0.3—-0.4) in bitter and aromatic hop are low, indicating a fresh raw material,
as stated by Van Holle et al. (2017). Following PEF treatment, extracts were subjected
to an analysis based on their UV-Vis spectra.
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TABLE 2 | Analysis of spectra from Uv-vis.

Bitter, methanol Aromatic, methanol Bitter, hydrated and Bitter, hydrated and
extracted extracted methanol extracted water extracted
PEF-treated Control PEF-treated Control PEF-treated Control PEF-treated Control
Absorbance in 275 0.534 0.396 0.246 0.242 0.345 0.266 0.161 0.104
nm
325 0.918 1.153 0.425 0.422 0.712 0.589 0.185 0.102
355 0.903 1.139 0.455 0.452 0.686 0.575 0.183 0.097
Acids a-acids 16.2% 13.1% 3.2% 3.2% 10.6% 8.7% 1.1% 0.8%
B-acids 9.6% 8.8% 6.3% 6.3% 6% 5.3% 2.2% 1.1%
Increase with a-acids 24% 0% 21% 100%
PEF treated for p-acids 9% 1% 14% 120%
HSI 0.58 0.34 0.57 0.57 0.48 0.44 0.87 1.01

As it can be observed (Table 1) the bitter hop variety had a 249% higher concentration
of total acids compared to the aromatic one. The a-acids are the precursors of iso- a-
acids which are formed in the boiling wort resulting in the bitterness of beer. Specifically,
the a-acids had 370% higher concentration compared to the aromatic, while for (3-acids
the concentration was 162%. The results above, partially clarify the difference observed
in the extractability using PEF. After PEF treatment, the HSI level varied with the
extraction media. In samples treated with methanol the value was 0.58, while for those
treated with water, it was 0.87 (0.34 and 1.01 for the control sample, respectively)
(Table 2). It appears quite evidently, that following the processes of extraction and
treatment with PEF, there is an increase in HSI in both bitter and aromatic varieties but
in insignificantly low values indicating that PEF has not any deleterious effects in the
raw material. These values of course, are merely results of comparison between hop
samples and not between different extraction media, in which differences of solubility
drastically influence the final result.

Effect of PEF on the Extractability of a- and B-Acids

Hop pellets from the H. lupulus plant contain both a-acids (humulones) and B-acids
(lupulones) as well as many other compounds that interfere in the UV-Vis spectrum
(Figures 2, 3). The isomerization of a-acids to iso-a-acids during boiling is a process
which strongly influences the taste of beer. The iso- a-acids are responsible for the
distinct bitterness of the taste. The positive effect of the PEF treatment lies in the
increase in the extractability of the a-acids which are then isomerized into iso- a-acids.
The method applied for visualizing the PEF effect is a three-component analysis (Egts
et al., 2012; Figure 3). Therefore, in order to determine the impact of the samples of
hops treated with PEF, a spectrophotometric plot was followed to quantify the acids a
and 3, as well as those of the third component (iso-a-acids, etc.).

The spectra obtained from UV-Vis plot are shown in Figures 3A,B and the calculated
results are presented in Table 2. The spectra presented refer to treatment of bitter hop
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in methanol and in water. The decrease of the absorbance is attributed to the acids’ low
solubility in water; nevertheless, the shape of the curve is the same in both treatment
media, where the hop exhibits a similar physical and chemical response.
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FIGURE 3 | The effect of extraction media. Basic methanclic (A) versus Water (B). For the quantification of the acids’ absorbance at 275, 325, and 355 nm was

used. (A) The UV-vis spectrum of both samples, PEF treated and Control (bitter hop was suspended in methanol). (B) The UV-vis spectrum of both samples, PEF
treated and Control (pitter hop was suspended in water).

The spectra obtained from the UV-Vis plot are presented in Figures 3A,B and the
calculated results are presented in Table 2. The spectra presented refer to the
treatment of bitter hop pellets in methanol and in water. The decrease in absorbance is
attributed to the low solubility of acids in water; however, the shape of the curve is the

same in both processing media, where the hop pellets have a similar physical and
chemical response.

TABLE 3 | Content (mg/L) in a-acids and B-acids of toluene extracted bitter hop
with UV-vis analysis.

Acids Control PEF treated Difference
a-acids 11.8 25.8 118.03%
B-acids 7.8 14.5 85.39%
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According to the results shown in Table 2, the difference of thea-acids and (-acids
regarding the bitter hop are ranked between 9.1 and 23.7%. More specifically, the a-
acids of the PEF treated sample were 23.7% higher than those of the control displaying
in this manner the positive aspects of this treatment. As it has already been mentioned,
humulones are isomerized into iso- a-acids, while the B-acids (also 9.1% higher) are
mostly oxidized rather than isomerized. It was also observed, by employing different
extraction media (solvents) or different varieties of hop, the results exhibited significant
deviations (Figure 2).

TABLE 4 | Capacity of PEF treatment chamber with different solvents.

Sample Capacitance (LF) Water (mL)/methanol or ethanol
(mL)/plant material (gr)

Water suspended hop 56.0 50/0/2.5
Methanol with hydrated hop 27.9 25/25/2.5
Methanol with dried hop 14.9 0/50/2.5
Ethanol with hydrated hop 24.2 25/25/2.5
Ethanol with dried hop 54.0 0/50/2.5

The aromatic hop (low concentration of a-acids and [(-acids), under the same
experimental conditions, showed no differences in PEF treatment and control. Finally, in
order to examine the significance of the absence of water in the dried hop, the hops
were hydrated for 30 min before treatment. This process produced similar results but
with lower concentration in acids in comparison with the sample that was not hydrated.
The aforementioned results are summarized in Tables 2, 3. During this process,
methanol was used as solvent with the purpose to evaluate the PEF treatment. The
extractability in methanol is intermediate between non-polar solvents like toluene and
polar solvents like water.
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FIGURE 4 | (A,B) Influence of time of treatment to hitter hop samples.

Capacity of PEF Treatment Chamber and the Effect of Extraction
Media

When the processing chamber is filled with a liquid or solid element, it becomes a
capacitor. The electrodes become the conductors and the sample, which is being
processed, the dielectric. The higher the conductivity of the product, the easier the
electrical current flows. Thus, for high conductivity samples, a lower voltage should be
used to avoid sparks. The capacity in water is much higher than the electric capacity
in solvents such as methanol or ethanol (Table 4). Most studies in the literature that
assess the composition and release of hop ingredients in wort have been carried out
with solvents such as methanol or other non-polar solvents (pentane and toluene).
During the production of beer, the extraction of the hop constituents takes place in an
almost hydro environment. In view of this, this study was carried out using aqueous
media combined with pure methanol. The hop pellets were hydrated with pure HPLC
water, and then suspended in methanol or pure water before treatment with PEF. In
all these environments, the capacity of the processing cell was measured. The
hydrated hop results (Figure 3B) showed a week absorbance after PEF treatments
across all spectra. By comparing the percentage of a- and -acids extracted from
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hydrated bitter hops, we can conclude that due to their insolubility, the concentration
of humulones and lupulones was much lower for PEF and the control samples and,
consequently, their absorbance showed lower values. However, by examining their
differences in percentages (Table 2), it can be concluded that the relative
extractability due to PEF in water of acids and other compounds is higher than in non-
polar solvents.
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An additional experiment was carried out to measure the influence of the duration of the
PEF, as well as the differences between the two varieties, aromatic and bitter. It is
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FIGURE 6 | GC-MS analysis after purification thought SPE.,

observed that in the bitter, the acid concentration increases with the treatment time
(Figures 4A,B) with or without PEF treatment. The variety of hops seems to have a
significant effect on the final results. As shown in Figures 5A,B, the aromatic hops
treated with PEF did not show any particular difference compared to the control. In
addition, over time, the control samples and the samples treated with PEF have a
negligible increase in the concentration of a and B-acids. We can deduce that in
aromatic hops, the acids are mainly in free form unlike bitter, in which an amount of
acids is probably localized in plant cells and is released after cell rupture with PEF.
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Volatile Analysis

The impact of the application of PEF in volatile compounds of bitter hops is presented in
Table 5, while the average of the a and 3-acids from the GC-MS analysis (compared to
the spectrophotometric analysis) in Table 6. In order to avoid contamination of the GC
column, an intermediate purification step was applied, using a solid phase extraction
column (SPE). This purification step was carried out in order to avoid liquid-liquid
extraction of the treated samples and thus avoid deterioration of the GC columns with
waxes and non-volatile hop resins (Stevens, 1967; American Society of Brewing
Chemists, 1992, Eri et al., 2000). The hops are rich in resins which are easily extracted
by non-polar solvents and thus deteriorate the GC columns during analysis.

Myrcene, B-caryophyllene and a-humulene are the most abundant terpenes in hops. In
dry granules, their aroma is persistent and characteristic. In beer, they are lost as odor
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FIGURE 7 | (A) Molecule of the humulone subtracted from the MS chromatogram. (B) Molecule of lupulon subtracted from the MS chromatogram

descriptors. They are also insoluble in wort and beer but their oxidation leads to
derivative compounds, such as their epoxides (for example humulene epoxide) or
humulol alcohols, which appear in the final product depending on the time of adding
hops. As previously mentioned, sesquiterpenes such as humulene, caryophyllene and
B-pinene (oxidation product of myrcene) are the main constituents of essential oil of
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fresh hops. More specifically, it is evident (Table 5) that the application of PEF has a
small but significant increase in the concentration of these compounds. In particular, in
the control samples, the humulene, caryophyllene and (B-pinene had a concentration of
0.89, 0.27, and 0.09 mg/L, while in the treated samples at PEF, there was an increase
of 0.94, 0.29, and 0.08 mg/L, respectively. The application of PEF had a limited
influence on the concentration of these volatile compounds and mainly in the
monoterpens. The oxygenated fractions of the hop aroma (Deinzer and Yang, 1994)
can be synergistic by contributing to the “hops” of beer (Siebert, 1994). All of these
compounds have an active flavor in beer with very low flavor thresholds (ppb) and
depending on when they are added, they play an important role in the character of hops
(Preis and Mitter, 1995). From this point of view, even a slight increase in terpene
precursors (humulene, caryophyllene and myrcene) is important for the final hoppy taste
of beer.Liquid-liquid extraction involves a heating step which can degrade the initial
profile of volatiles. The SPE method used before the GC-MS analysis allowed a clear
separation of the compounds and a “clean” chromatogram, as shown in Figure 6.The
molecules of the main acids (humulone and lupulone) of the MS chromatogram are
presented in the Figures 7A,B. Table 5 shows the effect of PEF on the (average)
concentration of a and 3-acids in bitter hop varieties. The concentration of acids should
be higher in bitter hops. The extraction of a and B-acids soluble in methanol also
increases with the application of PEF, with the intensity of the electric field and with the
extension of the duration of the treatment.
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TABLE 5 | Volatile analysis (mg/L) of bitter hop with or without PEF treatment.

Compound

B-Myrcene
2-octanol
Caryophyllene
p-Cubebene
Humulene
y-Muurolene
y-Cadinene
p-Cadinene
a-Cadinene
§-Cadinene
Geranyl isobutyrate
Hexadecane
Humulene epoxide 2

Hexadecanoic acid methyl
ester

Dehydro-cohumulinic acid or
3-Hydroxy-2-isobutyryl-5-(3-
methyl-2-butenyl)-2,4-
cyclopentadien-1-one
3-hydroxy-2-(1-hydroxy-3-
methylbutylidene)-5-(3-methyl-
2-butenylidene)-3-
Cyclopenten-1-one

Linoleic acid methyl ester
Humulone

I[sohumulone

Lupulone

*n.d. = Not detected.

Pef treated Control

Average S.D. Average S.D.
0.083 0.052 0.092 0.003
0.125 0.000 0.125 0.000
0.290 0.175 0.266 0.070

0.019 0.009 n.d.
0.943 0.578 0.889 0.203
0.023 0.015 0.022 0.019
0.032 0.004 0.023 0.006

0.008 0.002 n.d.
0.008 0.005 0.008 0.003

0.069 0.040 n.d.
n.d.* 0.034 0.019
0.036 0.008 0.023 0.002
n.d. 0.025 0.006
0.053 0.021 0.047 0.010
0.069 0.033 0.335 0.277
0.510 0.159 1.754 1.333
0.036 0.019 0.032 0.006
0.498 0.130 0.837 0.045
5977 1.134 4.325 0.275
16.630 2.498 11.269 0.926
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As indicated in the samples treated with PEF, the bitter acids in the sample had a
concentration 40.66% higher than that of the control. More specifically, the samples
treated with PEF had a higher concentration compared to the control (25.45 and
47.56% of a and B-acids, respectively). This result is of capital importance since the aim
of bitter hops is to strengthen bitterness.

DPPH-

The treated extracts maintained their antiradical activity (Table 7) and, in the case of
extracted methanol, an increase of about 10% was observed. The water treated
samples demonstrated almost the same antiradical activity. The low water extractability
probably does not allow the proper evaluation of the results.

CONCLUSION

In conclusion, this study aimed to extract a-acids and 3-acids of two different varieties of
hops using PEF. During these experiments, different solvents and different methods of
analysis were used. According to the results, samples of hops treated with PEF showed
higher concentrations of humulones and lupulones (the main representatives of a-acids
and B-acids, respectively). PEF conditions (1.5 kV/cm; 15 ps and 1800 pulses)
increased the total bitter acids (a B) and sesquiterpenes extraction from bitter hop
approximatively by 1.3 times. The PEF treatment enhanced the extraction of a-acids
from 21 to 100% and from 9 to 120% for B-acids. The amount of extracted acids was a
function of the solvent and the time of treatment. PEF treatment of hop pellets did not
cause any substantial changes in HSI that would indicate possible further degradation.
Hops maintained their antiradical activity, which, in some cases, was increased.
Therefore, it can be concluded that the extraction of a- and B-acids was enhanced by
PEF application and should be further investigated in order to optimize their
concentration by utilizing water base solvents or by minimizing the time of the PEF
treatment in pilot plant conditions before industrial applications.
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TABLE 6 | Averages (mg/L) of a- and B-acids of bitter hop PEF treated and control
samples extracted with methanol.

Method Acids Pef Treated Control Increase (%)

Average S.D. Average  S.D.

GC-MS a-acids 6.4 1.0 5.2 0.2 25.45
p-acids 16.6 2.5 11.3 0.9 47.56
UV-vis a-acids 16.2 1.0 13.1 0.1 23.66
B-acids 9.6 2.4 8.8 0.2 9.09

TABLE 7 | Percentage of inhibition of DPPH® radical (1%) of hop extracts.

Sample 1%

PEF treated Control
Hydrated (bitter) 70.27 69.89
Methanol (bitter) 73.19 83.35
Methanol (aromatic) 82.47 81.32
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ABSTRACT

To fine tune the production of phenolic aromas in beer, a pulsed electric field (PEF) was
applied to beer wort, which was enriched with flax seeds. The choice of flax seeds as a
source of FA is based on its high content of ferulic precursors and their intrinsic
nutritional value. PEF was applied to ground flax seeds, with and without beta
glycosidase. Fermentation was carried out with Saccharomyces and non-
Saccharomyces yeast strains. Moreover, 4-vinylguaiacol (4-VG), a flavor highly active
derived from volatile phenol, was produced by decarboxylation of ferulic acid (FA), or its
precursor and flavor inactive (4-hydroxy-3-methoxycinnamic acid). All yeast strains
could metabolize FA into 4-VG, using the pure compound in the synthetic medium or in
flax seeds, with the best quantity produced by Saccharomyces cerevisiae as a
precursor. The method yields 4-VG production efficiencies up to 120% (mgL-1).
Experimental treatment conditions were conducted with E= 1 kV/cm, total time
treatment 15 min (peak time ti = 1 ps, pause time tp = 1 ms, Total pulses 9003).
Treatment efficacy is independent of the fermentation yeast.

Keywords: ferulic acid, flax seeds, pulsed electric field (PEF), 4-vinylguaiacol (4-VG),
Saccharomyces cerevisiae, non-Saccharomyces, yeast strain

INTRODUCTION

Flavoring with natural compounds is well-known in the food and beverage industry,
driven by consistent consumer demand for more “natural” foods. Industries can improve
the techniques of extraction or isolation of aromatic compounds by frequently applying
two or more technologies to isolate target molecules, thereby rendering the final aroma
more attractive. However, the most difficult issue is to empower the typical aromatic
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character without changing the final product (from the commonly accepted taste and
aroma). This is done by hydrolyzing enzymatically bound aromatic compounds in
polymeric precursors with glycolytic enzymes (i.e., in wine), by adding aromatic
compound precursors or using physicochemical methods (e.g., distillation and
enrichment of the beverage with the heads of distillates).

Beer as a complex beverage contains many flavor active compounds, as brewers try to
reach an appropriate balance of desired aromas and to avoid off-flavors. Phenolic
compounds are always present in the final product; they can be extracted from grains
and hops during the process of mashing or brewing. Some phenolic compounds have a
small impact on beer, while others may cause some desirable or undesirable effects
(Lentz, 2018).

Moreover, 4-vinylguaiacol (4-VG) is an important constituent in bier (Tressl et al., 1976),
distilled spirits (whiskey, rum) (Lee et al., 2000), contributing to the overall sweet smoky
background. Found in tobacco, roasted peanuts, traminer wines is considered to be an
important aroma contributor. Conventional Saccharomyces cerevisiae brewing yeasts
ferment beers, in which a clove-like aroma is desired (Vanbeneden and Gils, 2008;
Goncalves et al., 2016). Despite being undesirable in bottom-fermented beers, 4-VG is
a well-known, positive aroma compound found in top-fermented beers, including those
brewed with unmalted wheat for Belgian white beers, as well as those brewed with
malted wheat for German Weizen and Rauch beers. However, in most of the top-
fermented blond and dark beers, this volatile compound’s presence is essential for
overall flavor perception (Goncalves et al., 2016). Hence, it is important for flavor
perception in the best beers (Zhu and Cui, 2013; Mertens et al., 2017).

Ferulic acid (FA) is the precursor of 4-VG and is found in plant cell walls in its free form
or is covalently bonded to the biopolymers (Johnson et al., 2000; Strandas et al., 2008;
Tanruean and Rakariyatham, 2016).

During this work we attempt to reach phenolic flavor enhancement, avoiding off-flavors
by a combination of two technologies applied to beer wort-enriched with flax seeds. The
target compound was 4-VG. These applied technologies are summarized below:

> In addition to the wort, rich FA derivative precursors (contained in flax seeds) and
hydrolysis of the covalently bonded precursor from natural polymers was handled
by the application of 3-glucosidase from almonds, with a wide substrate spectrum
of C5 and C6 monosaccharides and oligosaccharides. The industrial extension
would be by applying a B-glycosidase from a microbial source.

» Extraction of the precursor, assisted by PEF.

PEF is a relatively new technique and when applied for extraction, it disorganizes the
plant or microbial cell by disrupting membranes and releasing cell metabolites from the
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inner to outer part of the cell (Yang et al., 2016). The induced electric fields destroy the
membrane of microbial or plant cells, thus leading to complex phenomena from cell
restructuration to cell death (Zeng et al., 2008; Delsart et al., 2012; Zhang et al., 2012;
Bozinou et al., 2019). PEF has been applied to other crops of industrial interest, such as
grapes, onions, potatoes, etc. It was mainly used as a non- thermal treatment of liquid
foods, to inactivate microorganisms (Grahl and Markl, 1996; Alvarez et al., 2003). Other
researchers introduced electric field treatment to accelerate the aging of young wine,
due to extraction of flavor compounds from wood (Zeng et al., 2008; Drosou et al.,
2017) or to improve the phenolic recovery, as extraction pre —treatment in beer (Martin-
Garcia et al., 2020). To increase the amount of FA in the final product, a combination of
a natural precursor (raw material) (rich in FA, such as flax seed), and an enzymatic and
electrotechnique were used before fermentation. To demonstrate the versatility of the
technique, four strains of yeast were used: S. cerevisiae and three other non-
Saccharomyces. The technique was applied in a synthetic medium or in beer wort.
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TABLE 1 | 4ViG formation by yeast strains cultivated in synthatic Medium A with and without the prasence of FA, or the presence of flax seeds.

4G Medium A without FA Medium A + 48 mg/L of FA Medium A + 26,7 g/L of flax seeds
Average Efficacy [%:] Average Efficacy [%] Gold Brown
S.cC. nd.* n.d 31.81 £ 14.85 66.27 0.732 0.077
Frelude n.d nd 11.38 £ 6,70 231 0.088 0.079
Biodiva nd nd 1491 & 483 31.068 0.083 0.000
als n.d n.d 22,04 £ 9.50 4592 0.285 0.003
‘n.d, not delected,
TABLE 2 | Results of control and PEF fermentations with brown and gold flax seeds in beer wort: Goncentration of 4VG (mgL~") with the presence of p-glycosidase (+)
and absence (-
VG Brown flax seed Gold flax seed t-test
PEF Control PEF Control
Mets - 10,00 £ 2.11 8.44 312 022
+) 11404276 1258 562
Prelude o] 1017 £ 1.99 6.26 16.08 0.2
(+) 6.58 18.73
Biodiva =) 4.86 9.34 023
(+) 3.5 9.73
C (=) 5.91 6.94 0.4€
(=+) 1.54 7.88
TABLE 3 | Concentration of 4VG (averages and S0) in mgL~" without the presence of p-glycosidase.
WG Brown flax seed
Control Average PEF Average
Mets 10.51 £2.93 10.09 11.45
Prel 6.42 4+ 0.22 1017 11.45
SO 52 4.19 4+ 0.95 10.81 16.06
S.C. 1.54 5.22 4+ 097 11.80 8.19
Gold flax seed
Control Average PEF
a2 5.62 13.99 15.81
15 10.78 16.66
g 9.73 10.09 10.92
C 6.9 7.88 11.83 15.63

MATERIALS AND METHODS

Chemicals

Dichloromethane, chloroform, methanol, pentane (95%), diethyl ether (95%), and
anhydrous sodium sulfate were purchased from Chem Lab (Athens, Greece). All
reagents were of analytical quality: B-glycosidase and 3-octanol were used as an
internal standard, while all chemicals used for medium A were purchased from Sigma
Aldrich (St. Louis, MO, USA).

Fermentation

* Yeast strains

Four yeasts strains (S. cerevisiae and three non-Saccharomyces yeast strains) were
used in a concentration of 100 mgL-1 for each fermentation: S. cerevisiae US-05
(Fermentis), (SC) Toluraspora delbrueckii Prelude (Hansen), (Prelude) Toluraspora
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delbrueckii Biodiva 291 (Biodiva) (Lallemand), and Metschnikowia pulcherrima
(Lallemand) (Mets).

« Batch of synthetic medium A supplied with pure FA

Synthetic medium A for main cultures, inoculated with 0.1 gL-1 lyophilized
microorganisms, was prepared by dissolving KH2PO4 1 gL-1; K2HPO4 1 gL-1
(NH4)2S04 2 gL-1; MgS04-7H20 0.2 gL-1; ZnS0O4-5H20 0.2 gL-1; glucose 9 gL-1;
maltose 86 gL-1; fructose 5 gL-1; (pH 5). Media were prepared in deionized water that
day and autoclaved.

For media containing FA, pure FA is added to each sample at 12 mg for 150 mL (48
mgL-1). The volume of each fermentation was 150 mL for each yeast strain. Samples
were kept at room temperature for 7 days to conduct yeast fermentation. All
fermentations were performed in duplicate.

« Batch in Synthetic medium A supplied with flax seeds

Both varieties of flax seeds (gold and brown) were purchased from a local Greek market
(Athens, Greece). Two fermentation bottles (150 mL) with cells were cultured batch-
wise on synthetic medium A for each mentioned yeast strain. Both varieties of flax
seeds (brown and gold) ground in a plate mill were added to the bottled after being
crushed, for a quantity of 4 g per bottle. As such, 625 uL of a prepared solution of 4
gL-1 B-glucosidase from almonds (lyophilized powder, = 2 units/mg solid) at Ph 7.4 was
added to each vial. This was left for 30 min for enzyme activation. As stated, all samples
were incubated at 35-C for 7 days and conducted in duplicate.

» Flax seeds added to wort for beer production, plus PEF and Control fermentations,
with and without B-glucosidase from almonds

Wort production:

> Mashing process: 1 kg of Pils malt (Macedonian Thrace Brewery S.A., Athens,
Greece) ground in 1-1.2 mm and mixed with water at 55°C. The program was: 1-C
min—-1 up to 63°C to remain for 1 h. We find 1.C min-1 up to 72°C, remaining for
approximately 15 min, and 1°C min—1 up to 78-C for 5 min. The process of brewing in a
bag (BIAB) was used, and after the mash rest, the bag was attached to drain above the
kettle and then squeezed.

> Sparging step: 1 L of water at 77-80-C was used for sparging during the mash
rest, and again after squeezing the grain bag.

> Boiling process: The last bag was boiled for 90 min and the wort was used under
sterilized conditions without adding hops. Wort was added in sterilized fermentable
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bottles (48 in total) at 60 mL, with 1.6 g of each variety of flax seed added to the bottles
(16 with gold flax and 16 with brown flax).

PEF was applied in 16 substrates in duplicate (8 worts with gold flax and 8 worts with
brown flax). The rest of the bottles (8 with gold flax and 8 with brown flax) were used as
Control substrates without PEF treatment.

All substrates were inoculated with the same four yeast strains. At that point, 250 uL of
the prepared solution of B-glucosidase was added to a bottle of each yeast and the
other was used as the Control enzyme and for PEF fermentation. All samples were
incubated at 35-C for 7 days.

Pulsed Electric Field Procedure

The PEF equipment used was described previously by Ntourtoglou et al. (2020). The
treatment chamber (TC) consisted of two rectangular flat stainless steel electrodes
measuring 10 by 10 cm in size, separated by Teflon bars. The distance between the two
electrodes was 1 cm. The electric field strength E was evaluated as E = U/d, where “U”
is the applied voltage and “d” is the distance between two electrodes (d = 10 mm). In
each case,

treatment was calculated as: [t = (ti + tp) x P], ti = peak time duration (us), tp = pause
time (ms) and P = number of pulses. Experimental treatment conditions were conducted
with E= 1 kV/cm, t = 15 min (ti = 1us, tp = 1 ms, 9003 pulses).

Sample Preparation for GC-MS

In addition, 40 mL of each sample was mixed with organic solvents (mixture of 20 mL of
pentane and 20 mL of diethyl ether) for 10 min at room temperature. The samples were
centrifuged at 3,500 rpm for 10 min to separate the phases (Hermle Z200A, Milan,
Italy). The supernatant was extracted a second time, using the same volume of solvent
for 10 min. The organic layer was washed with distilled water in a separation funnel,
while the organic phase was dried over anhydrous sodium sulfate and filtered. Samples
were condensed in a flash evaporator and compressed with nitrogen until they were dry
weight. Finally, 100 uyL of dichloromethane was added to samples, from which1.0 pL
was used for GC-MS analysis. A concentration of 4-VG was calculated using a
standard curve for Control and PEF fermentation, while the ones with synthetic medium
10 L of 3-octanol (2,500 ppm) were added as an internal standard after being filtered.

Gas Chromatography-Mass Spectrometry Analysis
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Each sample was subjected to GC, coupled with MS analysis, using an Agilent 6890
series GC System (Wilmington, DE, USA), described by Ntourtoglou et al. (2020). All
data were recorded with the Turbomass 5.0 ChemStation software (Agilent).

Statistical Analysis

Statistical analysis for the standard deviation (SD) of the means and t-tests were carried
out with Excel 2013 (Microsoft, Redmond, WA, USA).

RESULTS AND DISCUSSION

Experiments in the Presence of Free FA or Flax Seeds: A Source of FA in Synthetic
Medium A

As shown in Table 1, none of the four yeast strains was capable of producing 4-VG
without the external addition of free FA or flax seeds to the synthetic medium A. When
free FA was included in medium A, all strains of yeast demonstrated biotransformation
of FA into 4-VG.

Three important conclusions are based on the findings:

1. Saccharomyces and non-Saccharomyces are strains with high exhibited FA
decarboxylase activity. S. cerevisiae brewing yeasts contain active ferulate
decarboxylase enzymes that can transform trans-FA into 4-VG. The enzyme
responsible for the decarboxylation of FA is FDC1 (FA decarboxylase) (Goncalves et
al., 2016). This can be seen in Table 1.

2. The optimum temperature, pH, and sugar content for biotransformation was:
glucose 9 gL-1; maltose 86 gL-1; fructose 5 gL-1; (pH 5) at 35°C. Since FA, is the
starting material in the synthesis of vanillin and other aromatic compounds, such as
vanillic acid, vanillin, and vanillic alcohol (Kumar and Pruthi, 2014; Tanruean and
Rakariyatham, 2016), we have tried to find these substances in our experiments but
without success. Probably the enzymes for the subsequent biotransformation of 4-VG to
vanillin were absent.

3. The highest conversion of pure FA to 4-VG was obtained by SC (66.27%), while
Prelude had the lowest (23.71%).

This is in line with the conclusion of Watanabe et al. (2009).
When flax seeds were added to medium A, 4-VG is produced. In these fermentations,

B-glucosidase was added. With this, the highest amount of 4-VG was produced by SC
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when golden flax seeds (0.732 mgL-1) were used, while the non-Saccharomyces spp.
produced considerably lower amounts (0.003-0.285 mgL-1).

The Effect of Flax Seeds and PEF in Beer Wort
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Table 2 shows the results from the Control and PEF fermentations, while 3-glycosidase
was added again. An increase in the concentration of 4-VG was also observed. All
yeasts proved capable of producing 4-VG, when FA was available from wort and flax
seeds during fermentation: in this process, the first condition is the presence of the
enzyme, which is added to liberate from the B-glucosidic form the covalently bonded
forms of FA derivatives, or to neutralize the very tiny amounts of cyanate ions from flax
seeds. Given independent-samples, the one-tailed t-test was conducted to compare the
concentration of 4-VG both with the enzyme and without it during fermentation. The only
factor that was checked during the t-test was the enzyme, so the results concern
Control and PEF fermentations, and each variety of flax seeds. There was not a
significant difference in the concentrations of 4-VG for any yeast. The results of the t-
test are presented in Table 2. Since there is no significant difference concerning the
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presence of the enzyme, averages of the fermentations with and without 3-glycosidase
are shown for each yeast in Table 3. In this table, it is obvious that PEF treatment in the
substrates before fermentation resulted in an increased production yield of 4-VG, by an
average of 120%. Specifically, to evaluate the differences due to PEF, the average PEF
fermentations compared to Control fermentations and the results are presented in
Figures 1A,B. It appears that the gold flax variety produces better results in 4-VG from
PEF fermentations. For yeasts, SC had more stable results and presented a difference
between Control and PEF fermentations for flax seed varieties. Independent-samples
and a one-tailed t-test were performed, without considering yeast strains for assessing
the statistical difference of the concentration of 4-VG, with and without PEF treatment in
the substrates. The results show a significant difference (p = 0.0005). When the external
electric field is applied to the must enriched in flax, a critical electric potential across the
cell membrane is induced. This potential causes a profound modification of the cell
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membrane which is rather mechanical. Consequently, the permeability of the membrane
increases considerably, pores are formed simultaneously and release FA derivatives
which are localized to the internal part of the cell. In our case, the disorganization
occurs on the wort and on the flax seed. The FA derivatives have further been
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FIGURE 1 | Differences In the concentration of 4VG (mgl~') among PEF fermentations and control: (A) brown flax seed varlety, (B) gold flax seed variety. Error bars
represent SD.

decarboxylated from yeast enzymes to yielding higher amounts of 4-VG.
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ADVANTAGES OF THE METHOD

Modulation of the Phenolic Flavor

There are many influences on the formation of phenols in beer: the proportion of wheat
malt in the grist, the mashing conditions, and wort boiling, as well as the fermentation
procedure, yeast strain, and contamination presence (Bartolome et al., 1996).
Decarboxylation of flavor-inactive phenolic acids with a high flavor threshold like FA in
4-VG was viable until now in two ways: high temperature treatment during the beer
production process or by enzymatic decarboxylation in fermentations (McMurrough et
al., 1996). Both, however, present disadvantages. With the proposed method, the
phenolic flavor can be modulated by increasing or decreasing the time of PEF treatment
as in the case of extraction of alpha acids from hops (Ntourtoglou et al., 2020), or by
controlling the quantity of flax seeds.

Modulating the phenolic flavor serves another purpose. An equilibrium must be
respected between enhancement of aroma complexity and its phenolic off-flavor
character. Indeed, 4-VG is an ingredient of phenolic off-flavors (Zhu and Cui, 2013),
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which are possibly one of the unwanted compounds in beer production. Phenolic off-
flavors have a low flavor threshold (0.2-0.4 mgL-1) and are characterized by a clove
and medical aroma,highly undesirable in most beers (Mertens et al., 2017). Yet it is
essential for the flavor of some wheat beer styles; S. cerevisiae brewing yeasts are
used in the fermentation of beers in which a clove-like aroma is actually desired
(Vanbeneden and Gils, 2008; Goncalves et al., 2016). The choice of the yeast, the
conditions of PEF treatment, the quantity of flax seeds, are parameters of this method
easily adapted to each beer style.

Enhancement of Antioxidant Capacity

Naturally occurring phenols in malt (germinated barley) have proven their antioxidant
activities. Although FA is potentially a good antioxidant of beer, its action is limited due
to low concentration in free form. Any pathway or physicochemical method that involves
hydrolysis of cell wall feruloylated polysaccharides to the free form of FA during
mashing and kilning is suitable to improve the natural antioxidant capacity of the wort,
as well as the beer obtained from it. From this view the proposed technology enhances
the antioxidant capacity of the wort or the beer.

Extension of the Work to Other Cell-Wall Degrading Enzymes

FA is mainly esterified to arabinofuranosyl residues of heteroxylans in barley cell walls
(Mathew and Abraham, 2006). FA esterases can release FA from feruloylated plant cell
wall polysaccharides, enhanced by the presence of cell-wall degrading enzymes
(Bartolome et al., 1996). Research shows that when mashing, decarboxylation of FA is
optimal.

Attempts have been made to obtain FA enzymatically, which is difficult due to covalent
bonds between FA and biopolymers in plant cell walls (Fincher and Stone, 1986). It has
been shown that enzymes from Streptomyces, e.g., acetyl xylan esterase and other
xylanases, are used for enzymatic production of FA from defatted rice bran, suggesting
extraction of FA from sources like corncob, raw rice bran, or wheat bran.

Disorganization of the plant cell wall using PEF will provide access to enzymes to target
substrates releasing precursors convertible into desired compounds and enhancing the
bio-flavoring.

CONCLUSIONS

In 15 min, PEF treatment of beer wort, supplemented with flax seeds before
fermentation, yields 4-VG production efficiencies up to 120% (mgL-1). The wort was
supplemented with a B-glycosidase, which is positive in terms of productivity in
combination with PEF. The treatment chamber is box type, composed of two
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rectangular parallel stainless steel electrodes. Voltage applied is 1 kV with pulses at 900
x 103. Treatment efficacy is independent of the fermentation yeast. In our work, four
commercial strains of non-Saccharomyces and one Saccharomyces were used.
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ABSTRACT

Olive leaves (OLL), an agricultural waste by-product, are considered a significant
bioresource of polyphenols, known as bioactive compounds. This study evaluates the
pulsed electric field (PEF) technique for the extraction of polyphenols from OLL. The
study parameters included a series of “green” solvents (ethanol, water as well as
mixtures of them at a 25% step gradient) and different input values for the pulse
duration of PEF. The phytochemical extraction degree was evaluated using total
phenol concentration (Folin—Ciocalteu method) and high-performance liquid
chromatography (HPLC) analyses, while the antioxidant activity was assessed using
differential scanning calorimetry (DSC). The results obtained from the PEF extracts
were compared with those of the extracts produced without the PEF application. The
highest PEF effect was observed for aqueous ethanol, 25% v/v, using a pulse duration
of 10 ys. The increase in the total polyphenols reached 31.85%, while the increase in
the specific metabolites reached 265.67%. The recovery in polyphenols was found to
depend on the solvent, the pulse duration of treatment and the structure of the
metabolites extracted.
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INTRODUCTION

Olive (Olea europaea L.) leaves (OLL) have a dual identity, both as waste material
from the olive oil production or the olive tree-pruning season and as aromatic and
medicinal herbs that are beneficial for human health [1,2]. It is well known that during
the pruning of olives, either in December or in March, substantial leaf and branch
masses are destroyed either by fire or fermentation or by composting. Based on
available data from the literature [3-5], the global volume of wasted olive leaves
reaches 12 Mt/year. This volume comes from pruning and olive oil production waste
(~2 Mt/year), with most of it produced in Europe (~50%). Greece is third amongst
European countries in yielding olive grove waste.

OLL contain a considerable amount of bioactive compounds belonging to the group
known as polyphenols, such as phenolic acids, phenolic alcohols (hydroxytyrosol and
tyrosol), flavonoids (luteolin-7-O-glucoside, rutin, apigenin-7-O-glucoside, luteolin-4-O-
glucoside), and secoiridoids (oleuropein) [5-8]. Among the aforementioned
polyphenols, oleuropein is the most noted metabolite in OLL [7,9]. OLL have the
highest level of oleuropein of all parts of the olive tree. Oleuropein is the most studied
compound together with verbascoside, flavones, flavonols, flavan-3-ols, and other
substituted phenols such as rutin. Most of the above compounds have been shown to
possess hypo-cholesterolaemic properties [10]. In animal studies, dietary oleuropein
from OLL resulted in hypo-cholesterolaemic activities [11]. Defensive action against the
oxidation of low-density lipoproteins (LDL), implicated in the progress of
atherosclerosis, as well as inhibition of the enzyme “3-hydroxy- 3- methyglutaryl
coenzyme A”, a significant enzyme for cholesterol synthesis [12], are reported for
hydroxytyrosol and oleuropein. The above effects of hydroxytyrosol and oleuropein are
possibly related to the decreases in the levels of plasma cholesterol [13].

Numerous techniques have been developed to produce OLL extracts [14,15].
However, currently, there is no significant exploitation of these wastes, since the
commonly used processes present serious disadvantages [16]. Conventional
extraction is not considered suitable because it can lead to the thermal decomposition
of various unstable metabolites. Additionally, it is non-selective, complicated, costly,
and harmful for the environment (expensive and toxic organic solvents are demanded
in large quantities, high temperatures and long extraction times are used, and the
solvent must be evaporated) [17]. Different techniques, including supercritical fluid
extraction, ultrasonically assisted solvent extraction, accelerated pressurized and
microwave-assisted extraction, appear to also have serious disadvantages, such as
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reduced recovery, high energy requirements and expensive equipment, making
systematic, industrial production of bioactive compounds not feasible [18].

Pulsed electric field (PEF) is an emerging technique suitable for “green” sustainable
production process development. The principle of PEF is to disintegrate the cell
membrane structure for increasing extraction. During PEF, the phenomenon of
electroporation (electrically induced formation of pores in the lipid bilayer under the
influence of the induced transmembrane voltage) occurs periodically in a non-
destructive manner for the cell under the effect of high-voltage pulsed electric field
application. During PEF, the phenomenon of electroporation occurs periodically in a
non-destructive manner for the cell. This way, an increased migration of intracellular
water and solutes takes place to the external medium, resulting to enhanced mass
transfer from the cell pores to the solution and therefore improvement of the recovery
for the target compounds. Moreover, this non-thermal technology decreases
processing time, reduces the degradation of unstable metabolites and energy costs,
and, hence, improves the environmental impact [19]. The effectiveness of PEF
treatment is directly related to the main processing factors such as electric field
strength, pulse shape, duration, period, and specific energy.

PEF was initially applied for the non-thermal inactivation of microorganisms in liquid
foods [20,21]. The utilization of the PEF technique for the recovery of bioactive
phytochemicals was attempted first by Brodelius et al. [22] and is still limited. PEF has
also been used before the extraction process to lower the operational costs, reduce
the environmental impact, and achieve high yields of the desired compounds from a
wide range of food processing wastes and by-products [9,23—-29]. Another application
of PEF was the extraction of flavor compounds from wood, resulting in the aging
acceleration of young wine [30,31].

In our previous studies, we used pulsed electric field to extract polyphenols from
Moringa oleifera leaves, aerial parts of Sideritis scardica, tepals of Crocus sativus, and
fruits of Vitis vinifera [19,32], to increase bitter hops acids extraction rate [33], and to
produce phenolic aromas in beer after enrichment of the beer wort with flax seeds [34].

In the present work, the PEF is proposed as a standalone extraction method of
valuable bio-functional components, which can be applied in a simple “green”
sustainable way. Moderate electric field intensity and relatively low energy input to
succeed in the permeabilization of cell membranes by electroporation, preserving cell
viability, were applied. Pure water, pure ethanol as well as their mixtures were used as
extraction solvents, while PEF conditions that differentiated in pulse duration were
tested to optimize the procedure. The use of PEF with solvent mixtures instead of pure
water is a relatively new practice that can further increase the percentage of extraction.
The purpose of the extraction solvent selection was to investigate the impact of the
ratio of aqueous organic solvent on a potential PEF effect. Furthermore, the selectivity
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of the abovementioned procedure (PEF + solvent composition) concerning the
extraction of different compounds was evaluated. To the best of our knowledge, such a
study has not been carried out previously. Finally, this study was performed keeping in
mind that even though high concentrations of organic solvents, such as ethanol, lead
to higher extraction yields, these solvents must be recovered and recycled, resulting in
weighing down the final product with an enormous operating cost and the overall
process with environmental implications. Therefore, an additional aim appeared: to
substantially reduce the use of the organic solvent, ethanol, using PEF and, at the
same time, allow the extraction of phenolic compounds in an economically feasible
way and determine any possible selectivity concerning the extraction of different
compounds.

MATERIALS AND METHODS

Chemicals

HPLC grade acetonitrile as well as formic acid (99%) were from Carlo Erba (Val de
Reuil, France). Anhydrous sodium carbonate (99%) and gallic acid monohydrate were
obtained from Penta (Prague, Czech Republic). Luteolin-7-O-glucoside, apigenin, rutin
hydrate and oleuropein were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ethanol (99.8%) and Folin—Ciocalteu reagent were purchased from Panreac
(Barcelona, Spain).

Plant Material, Handling and Sample Preparation

The single variety of OLL used in this study was collected on the 12 October 2020 from
a single 30-year-old olive tree (Olea europaea L., cv. Chondrolia Chalkidikis), in
Karditsa Region, Greece (at 39-21'46” N and 21-55'05" E and elevation of 108 m,
according to Google Earth version 9.124.0.1, Google, Inc., Mountain View, CA, USA).
The plant material processing steps are illustrated in Figure 1. Before and after each
extraction run, the temperature of the treatment chamber contents was measured. In
all PEF-assisted extraction runs, the temperature increments due to the treatment
never exceeded a AT of 1 -C.
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Figure 1. Plant material processing steps. Abbreviations: pulsed electric field (PEF); total phenol content (Y1p); high
performance liquid chromatography (HPLC); differential scanning calorimetry (DSC).

OLL Water Content Determination

For the determination of dry matter content, a sufficient quantity of pulverized leaves,
was placed in a suitable container. After being weighted, the sample was dried in an
oven (Binder BD56, Bohemia, NY, USA) at 105 -C for 6 h. The moisture content of the
leaves was about 50%.

PEF System

The PEF system used (Figure 2) was a static bench-scale system, and its layout
consisted of a high voltage power generator (Leybold, LD Didactic GmbH, Huerth,
Germany) that could provide a maximum voltage of 25 kV, a 25 MHz Function/Arbitrary
Waveform Generator (Siglent SDG1025, SIGLENT Technologies Germany GmbH,
Augsburg, Germany), a tailored electronic switch circuit (series of Insulated gate
bipolar transistors- IGBTs) and a rectangular custom-made stainless steel treatment
chamber consisting of two identical flat parallel stainless-steel plates with dimensions
of 10 cm x 10 cm separated at a uniform distance of 1 cm by a “I1” shaped Teflon
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single piece that acted as an insulator. The effective volume of the treatment chamber
was 80 mL.

Figure 2. PEF System: (a) high-voltage power generator; (b) function/arbitrary waveform generator; (c) electronic switch
circuit (IGBTs); (d) treatment chamber.

PEF Assisted Extraction Parameters and Calculus

In depth pre-screening of the main PEF parameters took place in order to investigate
the optimal PEF parameters set for the specific system (plant material and solvent)
and maximize polyphenolic content of the extracts. As main PEF parameters, we pre-
examined the permeability controlling parameters, meaning field intensity (E), pulse
duration (truise), and the pulse period (T) for a specified extraction time (textraction). From
the preliminary study (not reported here), our starting point (fixed variables) was pulse
period (T): 1000 ps, electric field strength (E): 1 kV/cm, and extraction time (textraction):
30 min in an aqueous ethanol solution. Based on the latter, our main study parameters
included the extraction solvent and the PEF actual treatment time (variance of pulse
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duration 10 ys and 100 ps) (please see also Table S1 in Supplementary Material). The
series of the five green extraction solvents used was (i) water (0% EtOH), (ii) 25% v/v
aqueous ethanol (25% EtOH), (iii) 50% v/v aqueous ethanol (50% EtOH), (iv) 75% v/v
aqueous ethanol (75% EtOH) and v) ethanol (100% EtOH). The electrical conductivity
of solvents was 2.3 pS/cm for 0% EtOH, 0.8 uS/cm for 25% EtOH, 0.3 uS/cm for 50%
EtOH, 0.1 uS/cm for 75% EtOH and <0.1 uyS/cm for 100% EtOH. Control extracts were
prepared for comparison, following the same procedure as for PEF extracts, without
the application of PEF. All extraction runs were carried out in triplicate.The ratio of the
applied voltage, U, and the distance between the two electrodes, d (1 cm), was used to
calculate the electric field strength, E = U/d, which was set at 1 kV/cm for all PEF
assisted extraction runs. The pulse generator provided unipolar, rectangular- shaped
pulses, with pulse duration (truse) varying between 10 and 100 ps under a period (T) of
1000 us (Frequency = 1000 Hz), while the total extractiontime was 30 min, resulting in
N = 1.8 x 108 total number of pulses, according to the design of this study. In each
case of PEF-assisted extraction run, the actual PEF treatment time derived by the
following equation:

t = tPuise X N

where truise = pulse time duration (us) and N = number of pulses (dimensionless).

Given that two different pulse times were investigated in the current study (truset = 10
pgs and teuse2 = 100 pus), the total PEF treatment time during the 30 min of each
extraction was 18 and 180 s. The specific energy input Wspec (kJ/kg) for the PEF-
assisted static extraction was derived from the following equation [35]:

N
N ff”ht’
Wi peec ;”—/ﬂ U(t) x I(t)dt

where N is the total number of pulses (dimensionless), m is the total weight of the
sample (kg) poured into the PEF treatment chamber, truse is the duration of each
pulse, U(t) is the output voltage, and I(t) the electric current applied to the sample.

For the application of PEF in a static homogenous solid—liquid extraction where the
same pulse type and pulse time duration applied for each period, the values of U(t)
and I(t) can be considered constant, simplifying the above function to the following
equation for this study

N
Wspefc =? x U x1Ix tPuIse
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From the above equation, it was estimated that the energy input for all PEF assisted
extractions was in the range of 0.155 and 1.55 kJ/kg, or 2.52 x107¢ and 2.52 x107°
KWh, respectively.

Total Phenol Content of Extracts

The analysis was carried out using a validated protocol adopted by Lakka et al.
[36].Total polyphenol yield (YTP) was calculated as follows:

CrpxV

Yrp (mgGAE g lof dzu) =%

where CTP is the total polyphenol concentration of the extract (mg L-1), V is the
volume of the extraction medium (L) and w is the dry weight (g) of the plant material
[37].

High-Performance Liquid Chromatography (HPLC)

A methodology previously described by Kaltsa et al. [6] was implemented.
Chromatographic analyses were carried using a Shimadzu CBM-20A liquid
chromatograph (Shimadzu Europa GmbH, Duisburg, Germany), coupled to a
Shimadzu SPD-M20A detector (Shimadzu Europa GmbH, Duisburg, Germany), and
interfaced by Shimadzu LC solution software (Version 1.22 SP1) (accessed on 14th
October 2020). The column used was a Phenomenex Luna C18(2) (100 A, 5 um, 4.6 x
250 mm) (Phenomenex, Inc., Torrance, CA, USA). Quantification was done with
calibration curves (0-50 pg mL-1) constructed with rutin (R2 = 0.9990), luteolin-7-O-
glucoside (R2 = 0.9980), apigenin (R2 = 0.9999) and oleuropein (R2 = 0.9990).
Luteolin-7-O-glucoside and apigenin were quantified at 345 nm, rutin at 360 nm and
oleuropein at 270 nm. The estimation of the total area the wavelength selected was
230 nm as it was considered the most representative for the compounds contained.

Differential Scanning Calorimetry (DSC)

Antioxidant activity was estimated using the DSC method according to Bobinaite™ et al.
[23], after the solvents’ evaporation using a rotary evaporator. Determinations were
conducted with a Perkin Elmer Diamond DSC (PerkinElmer Inc, Shelton, CT, USA).
Oxygen was used as purge gas. In short, empty pans, hermetically sealed, were used
as the control, while 4-5 mg of each sample was placed in DSC aluminum pans,
closed with lids with a hole (1 mm in diameter), to allow the oxygen stream to be in
contact with the sample. The temperature program was: hold for 1 min at 40 -C, heat
from 40 to 200 -C (40 -C/min), and, finally, heat from 20 to 580 -C (20 -C/min). The
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onset temperature of the oxidation peak considered as the starting temperature of
oxidation (Tmax).

Statistical Analysis

Extractions as well as all determinations were performed three times. Statistical
analysis was carried out using the Microsoft Excel 2019 (Redmond, WA, USA)
software (Version 16.0.14026.20304) (accessed on 8th January 2021). Evaluation of
the statistical significance (at p < 0.05) of the differences between mean values was
also carried out.

RESULTS AND DISCUSSION

The extraction of valuable compounds from plant tissues and the evaluation of
different techniques to manage this challenge were extensively studied. Yasemi et al.
[38] reported Soxhlet extraction to show the highest recovery (62%) among different
conventional techniques, such as maceration, ultrasound and microchannels. The
optimum solvent for the Soxhlet technique, among different combinations tested, was
ethanol:water (80:20). However, even higher recoveries, from 80 to 95%, were
reached by emerging techniques that implicate supercritical fluid extraction combined
with pressurized liquid extraction and high temperatures combined with pressurized
liquid extraction [39,40]. According to the study of Delsart et al. [41], an enhanced
extraction in anthocyanins (19%) of Cabernet Sauvignon grapes before fermentation
was achieved via the PEF treatment. Fincan et al. [42] applied PEF treatment to
extract red pigment from red beetroot tissue and reached a release of total red coloring
and ionic content of about 90%.

Total Phenol Content of the Extracts-Solvent/Water Composition
Extraction Evaluation

Initially, a screening of the optimal ethanol/water ratio was carried out by choosing the
highest difference in total phenol content between the samples treated with PEF and
control. The results are presented in Figures 3 and 4. As expected, the highest
extraction rate was achieved by PEF and Control samples with 50% and 75% EtOH
(no significant difference shown between them). However, the highest percentage
increase in YTP between PEF and the control sample was achieved by means of the
addition of 25% EtOH. A significant (p < 0.05) increase in YTP for PEF extract
(compared to the control extract) was observed following the addition of 25% EtOH,
which reached the maximum of 31.85%. YTP for the 25% EtOH PEF extract was
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20.75 mg GAE g-1 dw, while for the 25% EtOH control extract, it was 15.74 mg GAE
g-1 dw.

50% EtOH 75% EtOH
35 - 3 74% s
" PEF

m CONTROL 29.97 100% EtOH

30 1 25% EtOH 2241 2905 250"
31.85%
25 41
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Figure 3. Y7p (mg of gallic acid equivalents (GAE) per gram of dry weight (dw)) for PEF and control samples in five
different tested solvents and a pulse duration of 10 ps.
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Figure 4. Yyp (mg of gallic acid equivalents (GAE) per gram of dry weight (dw)) for PEF and control samples in five
different tested solvents and a pulse duration of 100 ps.

Next, a second set of PEF conditions was used. The pulse duration was increased from
10 to 100 ps, while the other PEF parameters, as well as induction time, were kept
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constant. The extracts were prepared using the same solvents. The results regarding
the effect of EtOH addition for a pulse duration of 100 us were similar as for a pulse
duration of 10 ps. Again, the highest extraction efficiency was achieved by PEF and
control samples with 50% and 75% EtOH. At a pulse duration of 100 us, the solvent
25% EtOH, resulted again in the higher percentage increase (significant at p < 0.05) in
YTP between PEF and control sample. YTP at this EtOH content (25%) was lower (by
10.02%) than the corresponding yield reached with a PEF condition of 10 ys. According
to the results, the highest difference is ultimately in the samples treated with 25%
ethanol. It seems that any percentage losses in yield, caused by the solvent choice,
were balanced from the application of the PEF. Another point of interest is that the
application of a large number of short-duration pulses seems to lead to higher
efficiencies of total phenolic content recovery.

Differential Scanning Calorimetry (DSC)

DSC is a thermal analysis technique used to assess the changes in the different physic-
ochemical properties of materials and their relationship with the heat flow delivered by
the instrument [43]. As reported by the same authors, the DSC method can be used to
determine the oxidative stability of antioxidants. Relying on the measurements of the
incubation period, oxidative stability can be estimated by the extrapolated temperature
at the beginning of the oxidation process. Therefore, DSC can be used to determine the
kinetic parameters of an oxidation from the resulting thermographic curves which reveal
the temperature of the extrapolated onset of the thermo-oxidation process [43].
Specifically, Tmax is considered the highest oxidation peak of the thermographic curve.
The higher the Tmax appears to be, the higher the resistance of the sample is.

During this study, the exothermic peaks of the extracts were measured in the range of
40 to 580 °C, relating to their autoxidation process. According to the results (Table 1),
the maximum peak oxidation (Tmax) was 569 -C, which was achieved by the samples
treated by pulse duration of 100 ps, a pulse period of 1000 us, an electric field strength
of 1 kV/cm, and an induction time of 30 min with addition of 75% EtOH. These samples

presented the higher oxidation resistance and, therefore, the higher antioxidant activity.
All the results of the DSC determinations showed that the Tmax was directly related to
the total phenol content of each sample, while, concerning the difference in extraction
efficiency, the highest (significant at p < 0.05) was presented between control samples
and PEF samples treated by a pulse duration of 10 pys with 25% EtOH (15.16%),
followed by the PEF samples treated with a pulse duration of 100 ys (8.56%) and 75%
EtOH (both pulse durations). No significant differences were observed when 0% and
100% EtOH (both pulse durations) and 50% EtOH (100 uys) were used.
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Table 1. DSC results on temperature ('C) of oxidation (Tmax) of the various samples.

Extraction Solvent PEF Pulse PEF Treated Control Increase
Synthesis Duration Average  SD Average SD (%)
10 ps 238 2 2.15
0% EtOH 233 4
100 ps 241 5 3.43
10 ps 471 6 15.16
25% EtOH 409 3
100 ps 444 2 8.56
10 pis 565 5 2.91
50% EtOH 549 6
100 ps 557 5 1.46
10 ps 560 4 3.70
75% EtOH 540 6
100 ps 569 5 5.37
10 ps 518 3 1.17
100% EtOH 512 3
100 ps 516 2 0.78

In Figures 5-7, the thermograms of control samples (no PEF applied) and PEF-treated
samples in five different tested solvents are displayed. It appears that all the curves of
the thermograms have different shapes. This possibly denotes a different composition
of each extract, meaning that each and every extract is unique and contains a different
proportion of active compounds or, maybe, a different composition of compounds. This
is a result that should have been expected due to the different conditions used for the

extraction.
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Figure 5. Differential scanning calorimetry (DSC) thermograms of control samples (no PEF applied) in five different
tested solvents.
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Figure 6. Differential scanning calorimetry (DSC) thermograms of PEF-treated (10 ps) samples in five different tested solvents.
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Figure 7. Differential scanning calorimetry (DSC) thermograms of PEF-treated (100 ps) samples in five different tested solvents.

Characterization of the Extracts Using HPLC

Estimation of PEF Effect by Determination of Extracts Total Area

The results based on the estimated total area are in accordance with the phenol content
determination results. The PEF condition with a pulse duration of 10 us in 25% EtOH
led to the highest percentage difference for the total area between PEF and the control
sample (please see also Figures S1 and S2 in Supplementary Material). Specifically,
the total area for the optimum condition of a pulse duration of 10 ps in 25% EtOH was
44,156,899 for the PEF sample and 36,566,097 for the control sample, reflecting a
significant (p < 0.05) percentage increase of 20.76%. The corresponding percentage
increase for the PEF condition with a pulse duration of 100 ys was 18.38% (again
significant at p < 0.05). For pure water, the PEF condition with a pulse duration of 10 ps
was also significantly (p < 0.05) superior to the PEF condition with a pulse duration of
100 us. Percentage increases over PEF sample for pure water reached 17.44% and
7.38%, respectively, for the two PEF conditions. A gradual increase in EtOH content up
to 100% did not result in a corresponding percentage increase in the total area over the
PEF sample. On the contrary, the addition of EtOH to water in percentages higher than
25% resulted in a gradual reduction (however, not significant at p < 0.05) in the
percentage increase in the total area over the PEF sample. When extracting with pure
EtOH, the PEF effect for both conditions of pulse duration is minimized and considered
not significant.

Polyphenolic Composition
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According to the literature, luteolin and its related compounds are the most frequently
found flavonoids in olive leaf water and EtOH extracts, while the most abundant
phytochemicals are luteoline-7-O-glucoside and oleuropein. Quercetin-3-O-rutinoside
and apigenin-7-O-rutinoside have also been identified [5-8,44,45]. The results of the
current study are in accordance with the above relevant literature. The chromatograms
(Figure 8) revealed the existence of six principal constituents. Peaks 2 (Amax at 351
nm) and 4 (Amax at 347 nm) were identified as quercetin-3-O-rutinoside and luteolin-7-
O-glucoside, respectively, comparing their retention time and absorption spectrum to
those of the corresponding reference substances. Peaks 5 and 6 were tentatively
identified in our previous work [6] as apigenin-7-O-rutinoside and luteolin-3'-O-
glucoside, respectively. Peaks 1, 3 and 7 could not be identified due to a lack of
corresponding reference substances. However, according to their typical flavone UV-
VIS spectrum (please see also Figure S3 in Supplementary Material) and bibliographic
data [5,6], they are believed to be luteolin-related compounds (luteolin diglucoside,
luteolin rutinoside and luteolin aglycone, respectively). Peak 8 with a Amax at 280 nm
was identified as oleuropein following the comparison of its retention time and
absorption spectrum with the corresponding values of the reference substance.
Luteoline-7-O-glucoside and oleuropein indeed appear to be the predominant
phytochemicals. Their content in the control samples extracts prepared in 25% EtOH
amounted to 0.48 and 0.58 mg g-1 dw, respectively. Quercetin-3-O-rutinoside,
apigenin-7-O-rutinoside and luteolin-3'-O-glucoside had lower contents of 0.07, 0.14
and 0.2 mg g-1 dw, respectively (please see also Table S2 in Supplementary
Material).
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Figure 8. Overlay of chromatograms of PEF and control extracts with a pulse duration of 10 ps and extraction solvent 25%
EtOH. Peak 1: not identified, Peak 2: quercetin-3-0-rutinoside, Peak 3: not identified, Peak 4: luteolin-7-0-glucoside, Peak 5:
apigenin-7-O-rutinoside, Peak 6: luteolin-Bl-O-glucoside, Peak 7: not identified, Peak 8: oleuropein.

Comparing the extraction efficiency between the set of PEF conditions utilizing pulses of
10 and 100 pus, the 10 ps pulses showed better performance in the extraction of
phenolics. It is obvious that PEF treatment has a remarkable positive effect in the
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recovery of these compounds, reaching an increase of up to 265.67%. The above
observations are illustrated comparatively in Figures 9 and 10 (in 25% EtOH), and
confirm an adequately reported observation of a short-duration pulse disintegration
effect on the membranes and intracellular compounds extraction rate from vegetable
cells. Looking at the above figures, it can be concluded that the pulse time affects the
extraction and probably has to do with the structure of the molecules being extracted.
For compounds such as phenolic glycosides, where the molecule usually comprises
one or two sugar units bound to a flavone-backbone (quercetin), the time of 10 us gave
significantly (p < 0.05) better results for all compounds apart from oleuropein (no
significant difference). Concerning oleuropein, the longer time of 100 ps gave
significantly (p < 0.05) better results. Looking at the molecular structures, oleuropein is
different from other phenolic compounds since it has no flavone backbone and is
smaller in size. Various compounds’ solubility is a key factor in samples treated with
PEF. Regarding solubility, quercetin-3-O-rutinoside has a low water solubility of 0.125 g
L-1, luteolin-7- O-glucoside of 1.08 g L-1, apigenin of 0.97 g L-1, and oleuropein of
0.73 g L-1. Ethanol is an excellent solvent for oleuropein (solubility: 30 g L—1), but all
other glycosides are less soluble in it (i.e., rutin has a solubility of 5.5 g L-1 at room
temperature). Therefore, the choice of different PEF conditions (pulses of 10 or 100 us)
can facilitate the selective extraction of different molecules from plant material. This is
highly important since the selective extraction of compounds is often a tedious, time-
and energy-consuming procedure. According to Figure 11, where a comparison of
the effect (% increase) of the pulse time duration on the extraction of various
compounds is presented, oleuropein is the only molecule whose extraction appears
higher under a 100 ps pulse. This result leads us to the conclusion that the 10 us
pulses in a period of 1000 Hertz affect the less soluble molecules (i.e., rutin) to a
greater extent. The larger molecules possibly need more pulsesto be extracted and,
therefore, a combination of molecular size and solubility has to be considered for
their selective extraction. The thermographic curves during DSC analysis (Figures
5-7) also show differences in the resistance to oxidation of the extracts, possibly due
to their composition in active compounds. This is caused by the extracting ability of
each extraction procedure.
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Figure 9. Amount of phenolics (mg g~! dw) in PEF-treated leaves versus control at 10 ps pulse duration and 25% EtOH.
* Luteolin-3’-0-glucoside and peaks 1,3 and 7 were quantified as luteolin-7-0-glucoside; ** Apigenin-7-0-rutinoside was
quantified as apigenin.
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Figure 10. Amount of phenolics (mg g~ dw) in PEF treated leaves versus control at 100 ps pulse duration and 25% EtOH.
* Luteolin—S’—O—glucoside and peaks 1, 3 and 7 were quantified as luteolin-7-0-glucoside; ** Apigenin-7-0-rutinoside was
quantified as apigenin.

The significance of the results presented above are further illustrated based on the
fact that in the current study, the 71.87% increase, for the PEF condition with pulse
duration 10 ps, in the case of the basic metabolite luteolin-7-O-glucoside, led to an
amount of
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0.82 mg g' dw in the extract. The exact same amount was reached by Palmeri et al.
[45]

using water at 80 °C as the extraction solvent with a liquid to solid ratio of 20:1 mL
g~'. This result is considered significant as, in the current study, we conducted a
non-thermal extraction, using a much lower liquid to solid ratio (just 2.5:1 w/w), with
the addition of a green organic solvent (EtOH) in a percentage of only 25%. Regarding
the secondary metabolites, quercetin-3-O-rutinoside, apigenin-7-O-rutinoside, and
luteolin-3-0O-glucoside, we also succeeded in extracting amounts around 0.3 mg g™
dw. This quantity has also been reported in previous studies [6,45] using energy
demanding extraction methods and a significant quantity of extraction solvent.

PEF processing factors, such as electric field strength, pulse shape, duration,
period, and specific energy, could be further optimized in a future work to maximize
polyphenol concentration and explore the possibility of selective extraction. Another
point of interest for future work is to further investigate the role of solvent polarity to
the PEF effect.

10 psec

250 m 100 psec

200

ease

150

100

Figure 11. Comparison of the effect (% increase) of different pulse time durations on the extraction of various compounds
in the same ethanol/water ratio (25% EtOH).

CONCLUSIONS

This study aimed to extract polyphenols from olive leaves using the PEF technique
and to suggest a method that would substantially reduce the use of the organic
solvent ethanol (used in a conventional extraction techniques), replacing it with a
technology that would allow us to isolate phenolic compounds in an economically
feasible way. During the experiments, different solvent mixtures and different PEF
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conditions were applied. The novelty of the research includes the selection of an
aqueous organic solvent with the lowest possible ratio of ethanol and the development
of the PEF technique as a standalone static solid liquid extraction process. Although
higher green solvent ratios gave an increased extraction rate, a PEF-assisted
procedure with a much lower ratio of EtOH (25%) showed the maximum increase in
the total yield in polyphenols. Therefore, one of the aims of this work, the
substantial reduction in the quantity of solvent, was fulfilled. According to the
results, olive leaves’ PEF extracts possess higher content in total polyphenols. PEF
application (pulse duration: 10 us, pulse period: 1000 us, electric field strength: 1
kV/cm, and induction time: 30 min) in 25% EtOH, increased the total yield in
polyphenols up to 31.85%. The recovery of major and secondary metabolites was
enhanced by PEF treatment up to 265.67%. The amount of the extracted
polyphenols was a function of the solvent, the pulse duration of treatment, as well
as the structure of the metabolites extracted and their solubility. The DSC results
show that the Tmax was directly related to the total phenol content of each sample.
In conclusion, PEF treatment increased the recovery of polyphenols. This indicates
that PEF presents excellent potential for “green” selective extraction of biofunctional
constituents from olive leaves (phenolic compounds) that can be of further use in
functional food manufacturing in a sustainable way, producing high quality products
that present numerous public health benefits.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/beverages7030045/s1, Figure S1: HPLC total
area for PEF and Control samples in five different tested solvents and a pulse duration
of 10 usec, Figure S2: HPLC total area for PEF and Control samples in five different
tested solvents and a pulse duration of 100 psec. Figure S3: UV-Vis spectras obtained
by HPLC-DAD analysis of a) peak 1, b) peak 3, c) peak 7 and d) Luteolin-7-O-
glucosidereference substance. Table S1: Extraction conditions and PEF procedure
parameters. Table S2: Averages (mg g~' dw) of major compounds of olive leaf PEF
treated and control extracts, prepared with 25% ethanol.
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ABSTRACT

Olive leaves (OLL) are reported as a source of valuable antioxidants and as an
agricultural by-product/waste. Thus, a twofold objective with multi-level cost and
environmental benefits arises for a “green” standalone extraction technology. This
study evaluates the OLL waste valorization through maximizing OLL extracts
polyphenol concentration utilizing an emerging “green” non- thermal technology,
Pulsed Electric Field (PEF). It also provides further insight into the PEF assistance span
for static solid-liquid extraction of OLL by choosing and fine-tuning important PEF
parameters such as the extraction chamber geometry, electric field strength, pulse
duration, pulse period (and frequency), and extraction duration. The produced extracts
were evaluated via comparison amongst them and against extracts obtained without the
application of PEF. The Folin-Ciocalteu method, high- performance liquid
chromatography, and differential scanning calorimetry were used to determine the
extraction efficiency. The optimal PEF contribution on the total polyphenols extractability
(38% increase with a 117% increase for specific metabolites) was presented for
rectangular extraction chamber, 25% v/v ethanol:water solvent, pulse duration
(touse) 2 us, electric field strength (E) 0.85 kV cm™, 100 ys period (T), and 15 min
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extraction duration (texracion), ascertaining a significant dependence of PEF assisting
extraction performance to the parameters chosen.

Keywords: Pulsed Electric Field; fresh olive leaves; optimization; polyphenols; green;
standalone

INTRODUCTION

Olive leaves (Olea europaea L.) (OLL) are listed as waste material from olive oil
manufacturing and as aromatic or therapeutic herbs [1,2]. The global volume of OLL is
estimated to be 12 Mt year~' [3-5], with the majority of it produced in Europe (50%) and
originating from pruning and olive oil production waste (2 Mt year™).

OLL present the most abundant agricultural waste source rich in biophenols,
including phenolic acids, phenolic alcohols (hydroxytyrosol and tyrosol), flavonoids
(luteolin- 7-O-glucoside, rutin, apigenin-7-O-glucoside, luteolin-4-O-glucoside), and
secoiridoids (oleuropein) [2,6—9]. The composition of olive leaves varies depending
on the locality, seasonality, extraction solvent, and extraction procedure used. Apart
from the above constituents, oleuropein is the most prominent biophenol in olive leaf
extract [8,10]. Therefore, since olive leaves are reportedly a source of high amounts in
bioactive compounds and an agricultural by-product, the optimization of a “green”
standalone extraction technology has multi-level benefits for the environment, the
green chemical engineering technology, and the end-users (pharma, medicine, food,
and nutraceutical). OLL extracts production has been thoroughly investigated and
various techniques and technologies are reported to be utilized for this purpose
[11,12]. In particular, maceration, ultrasonic-assisted extraction, high pressure-assisted
extraction, microwave-assisted extraction, and supercritical fluid extraction are the
most popular. The limitations of the above production practices originate from their
thermal processing nature (causing decomposition of thermolabile compounds while
having a negative environmental impact due to high energy demand), their low
extraction selectivity, and their high operating costs. As a result, greener
technologies (those are more energy efficient and environmentally friendly) are
required to achieve improved process efficiency [13]. Furthermore, the use of fresh
leaves rather than dried leaves has lately gained popularity, owing to phytochemical
thermal decomposition, particularly oxidative damage to thermolabile components,
during plant drying [14,15].

Pulsed Electric Field (PEF) is a relatively recent, yet emerging eco-extraction technol-
ogy of biologically active compounds (BACs). PEF has minimum environmental
impact since it has minimum energy requirements and a non-thermal approach. It
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may be used in batch and continuous flow applications and meets the standards of
green chemical engineering for long-term production systems [16]. The degree to
which PEF is effectivein assisting the extraction of intracellular solutes from fresh plant
materials is determined from the degree to which electroporation is achieved
(electrically induced formation of aqueous pores in the lipid bilayer) in a periodical
and non-destructive manner for the cell under the influence of the induced
transmembrane voltage by the PEF application. Electroporation occurs in such a
way that components of interest migrate from the innerportion of the cell envelope to
the outer part, where the solvent transports them away in solution, resulting in an
increase in mass transfer and hence yield improvement for the solid-liquid
extraction. The electric field strength (E), pulse shape, pulse duration (tpuise),pulse
period (T) or frequency (f ), and total extraction duration (textracton) are among
theparameters that must be fine-tuned when using PEF technology to improve
extraction of a specific solid-liquid system [17].

PEF’s influence on microorganism inactivation at high specific energy input levels [18,19],
pretreatment of a variety of plant materials for downstream processes at low to
moderate specific energy input levels [10,20-27], and even direct extraction of plant
material are well documented [28-30]. The first reported attempt to use PEF
technology as a primary extraction enhancement of high value-adding compounds
from plant cell suspension cultures was by Brodelius et al. [31]. Other researchers
have introduced electric field treatment for the aging acceleration of young wine,
through flavor compounds extraction from wood [32,33]. Recently, Ntourtoglou et al.
[34] revealed that PEF assisted extraction resulted in an increase of bitter hops acids
extraction rate by 20%. Finally, Tsapou et al. [35]applied pulsed electric field (PEF) to
beer wort enriched with flax seeds to fine-tune the production of phenolic aromas in
beer, also by electroporation and achieved production efficiency up to 120%.

PEF technology is now being fine-tuned as the principal standalone extraction method
for BACs extraction from plant material based on biomass characteristics,
composition, and degree of comminution. However, there is still limited knowledge and
understanding for the complex multi-parameter phenomena involved in the root
cause analysis of the mechanisms that occur and affect the extraction rates of
components of interest. As a result, there is lots of room for technological
advancement, invention, and discovery. Usually, PEF is used as a preparative step
before extraction that utilizes other techniques (such asultrasound). In this work, the
method proposed is a standalone extraction method for valuable bio-functional
components that can be used in a simple, “green” and long-term manner.
Furthermore, using PEF with green aqueous organic solvent mixes instead of pure
water is a relatively novel method that can improve extraction yield even further.
Given that each plant material exhibits a different behavior when trying to isolate one or
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more of its active ingredients, it is always necessary to prove with a study that the
new method is applicable. It is worth mentioning that the results or the conditions
used in one study concerning a specific plant material do not necessarily apply to
another.

In our previous study [36], we presented the initial results of our ongoing work on PEF
and proposed this technique as a standalone extraction method of valuable bio-
functional components, which can be applied in a simple “green” sustainable way for
the extractionof OLL. We used an electric field of 1 kV cm~' with a pulse duration
of 10 or 100 ps under a period of 1000 us for 30 min. Extraction solvents included
water, ethanol, and combinations of the two.

The present study aimed to provide further insight on the PEF for a standalone
solid—liquid static extraction of OLL under the target of maximizing extracts’
polyphenol concentration. Towards that end, we performed a process optimization
study by first choosing the best extraction chamber geometry and then by fine-
tuning important PEF parameters such as the electric field strength (E), pulse shape,
pulse duration (tpuise), pulse period (T), and the total extraction duration (textraction). The
average particle size, solvent type, pH, solvent to OLL ratio, and extraction
temperature were kept constant throughout this study based on screening and
findings from previous studies of our group [36,37]. The produced extracts were
evaluated via comparison amongst them and against extracts obtained without the
application of PEF. The Folin—Ciocalteu method (for total polyphenol content), high-
performance liquid chromatography (HPLC), and differential scanning calorimetry
(DSC) were used to assess the extraction effectiveness.

The novelty of this work lies upon the optimization of PEF, by choosing and fine-tuning
important PEF parameters such as the extraction chamber geometry, electric field
strength, pulse duration, pulse period (and frequency), and extraction duration, for
the static solid- liquid extraction of olive leaves BACs (including the thermolabile
compounds) in green solvents (pure water, pure ethanol; and their mixtures), using
fresh plant material instead of dried. To the best of our knowledge there are no
reports with such a holistic approach for PEF as a standalone OLL extraction. The
potential of the PEF technology application in the proposed way paves the road for
industrial applications (after appropriate scale-up and further fine-tuning) and new
scientific discoveries.

MATERIALS AND METHODS
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Chemicals

HPLC grade solvents were utilized for liquid chromatography. Acetonitrile and formic
acid (99%) were purchased from Carlo Erba (Val de Reuil, France). Sodium carbonate
anhydrous (99%) and gallic acid monohydrate were purchased from Penta (Prague,
Czech Republic). Luteolin-7-O-glucoside, apigenin, rutin hydrate and oleuropein were
purchased from Sigma-Aldrich (St. Louis, Burlington, MA, USA). Ethanol (99.8%) and
Folin—Ciocalteu reagent were purchased from Panreac (Barcelona, Spain).

Plant Material, Handling and Sample Preparation

The OLL utilized in this study was again harvested from a 30-year-old olive tree
(Olea europaea L., cv. Chondrolia Chalkidikis), in the Karditsa Region of Greece (at
39°2146" N and 21°5505" E, with an elevation of 108 m, according to Google Earth
version 9.124.0.1, Google, Inc., Mountain View, CA, USA). After the harvesting
season, the experiments were done from February 2 to February 11, 2021. The
average temperature was between9 °C and 15 °C, with an average relative humidity
of 80%. Early in the morning of each experimental series day, the OLL were collected
as branches and delivered to the lab 10 min later for rapid processing. After the
branch removal, the leaves were completely cleaned with tap water and dried with
filter paper at ambient temperature (22 *C) until no extramoisture was present on the
leaves’ surface. To achieve homogeneity of the pulverization outcome and minimal
temperature rise, the leaves were crushed for 2 min in a blender Camry CR 4071
(Adler Europe Group ul., Warszawa, Poland) under identical shear inputand batch
quantities before each extraction attempt. The latter resulted in powders with an
approximate average particle diameter of about 0.8 mm (d1o = 370 ym, dso = 760
Mm,

doo = 1130 pm) as determined by sieve analysis.
The solvent was added to the freshly cut finely powdered OLL after grinding, and

the mixture was then placed into the PEF treatment chamber. The raw material to
solvent ratio was 1:3 (w/v) in all extraction runs, with 18 g of freshly cut and finely
powdered OLL and 54 mL of solvent. All experiments occurred at ambient
temperature (22 °C). The suspensions were separated from the plant material, which
was subsequently discarded, after each extraction. The extracts were transferred to a
suitable Falcon tube and allowed for5 min before centrifuge clarified (91649 for 10 min
at ambient temperature). The clarified extracts were collected in Safe-Lock 2 mL
Eppendorf tubes before the immediate further analysis (Ytr, HPLC, and DSC). All
produced PEF treated extracts were evaluated via comparison amongst them and
against control extracts (obtained without the application of PEF). Triplicates of each

123



extraction run were performed. An infrared thermometer (GM300, Benetech, Shenzhen
Jumaoyuan Science and Technology Co., Ltd., Shenzhen, China) was used to
measure the temperature of the treatment chamber contents before and after each
extraction run. The temperature increments owing to the treatment in all PEF
assisted extraction runs never exceeded a AT of 1 °C. The synopsis of the plant
material processing steps is presented in Figure 1.

The leaves were:

Fresh olive leaves -Cleaned with tap water. Leaf powder was
(Olea europaea L., cv. “Dried at Ty using filter paper. suspended in the Fhosen
Chondrolia Chalkidikis), _ _ _ ethanol/water mixture
were collected from Karditsa - Lheir dry weight was determined. = and divided into two
Region - Greece (39°21'46" N -Scrambled before chopped to parts (PEF processing
and 21°55'05" E). powder of 0.8 mm average particle and control).

size.

PEF treated and control samples
were transferred in a suitable
Falcon tube.

The mixtures were PEF
treated while the control

Clarified extracts were

collected in Safe-Lock 2 mL

Eppendorf Tubes before the ¢ o ~ left for the same time in
immediate further analysis Then, they Yee left for 5 L to suspension in an identical
(Yyp, HPLC, DSC). settle before subjected to centrifuge pp—

clarification (9,164x g for 10 min).

Figure 1. Plant material processing steps. Abbreviations: PEF (Pulsed Electric Field); YTp (Total Polyphenol Content); HPLC
(High Performance Liquid Chromatography); DSC (Differential Scanning Calorimetry).

Dry Matter/Water Content Determination

For the determination of the water content of each batch of pulverized leaves, an adequate
quantity was weighed before and after drying until constant weight, at 85 “C using an
oven (Binder BD56, Bohemia, NY, USA). The following Equation (1) was then used
for the calculation of the percentage of moisture and volatiles content [37]:

Wep — Wap
Wep

9% Moisture and volatiles content = x 100

where Wegp is the weight (g) of pulverized leaves before drying, and Wap is the
weight(g) of pulverized leaves after drying. The leaves had a moisture and volatiles
content of about 50% (w/w). Equation (2) was used to get the dry matter (g)
determination for eachsample [37]:

Dry matter = W; — (Ws X % Moisture and volatiles content),
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where Ws is the weight (g) of pulverized leaves without drying used as sample.
PEF System and Calculus

The PEF system used is the same with the one presented earlier by Pappas et al.
[36]. It is a static bench-scale system that includes a high voltage (0.1-25 kV) power
generator, a 25 MHz Function/Arbitrary Waveform Generator, a tailored electronic
switch circuit (series of Insulated gate bipolar transistors—IGBTs), and two twin
sets of custom-made stainless-steel treatment chambers, one rectangular and one
cylindrical of similar votumes. In particular, the rectangular consists of two identical
flat parallel stainless-steel plates 10 cm 10 cm separated by a “l1" shaped
Teflon single piece that functions as an insulator at a regular spacing of 1 cm [36]. The
cylindrical stainless-steel treatment chamber (internal diameter 3 cm and length 17
cm), including a solid stainless-steel concentric electrode (diameter 1 cm and length
17 cm), was fastened to Teflon screw caps in both ends, where the positive electrode
was attached at the concentric electrode while the negative return at the outer layer of
the treatment chamber. Both chambers had effective volumes equal to 80 mL.

The set of equations used for the calculation of the electric field strength (E), the
total PEF treatment time (trertreatment), and the specific energy input Wspec (kJ kg™),
are adequately described in our previous work [36]. The pulse generator provided
unipolar, rectangular-shaped pulses, with pulse duration (tpuise) varying between 1,
2, 5,10, and 20 us under a period (T) of 100, 500, and 1000 ps, for a specific number of
pulses (N) definedby the extraction duration (textraction) and the period (T).

For the intrinsic property of conductivity, a 743 Rancimat (Metrohm UK Ltd., Cheshire
WA7 1LZ, UK) was utilized, giving a measurement of 0.8 uys cm™ for our solvent of
choice (25% v/v EtOH:H20), and an average of 691 us cm~' for the extracts.

Experimental Design

The key PEF parameters were screened in depth in order to determine the best PEF
parameters for the given system (plant material and solvent) in order to maximize
the extracts’ polyphenolic content. The permeability regulating parameters, which
include field intensity (E), pulse duration (tpuise), and the pulse period (T) for a specific
extractionduration (textraction), were chosen as the major PEF parameters. Extracts of
OLL treated with PEF showed greater concentrations of polyphenols at PEF pulse
duration (tpuse) of 10 s, pulse period (T) of 1000 us, electric field strength (E) of 1 kV
cm™', and extraction time (textracton) of 30 min in aqueous ethanol, 25% v/v, as
reported by Pappas et al. [36].
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The study design (process optimization sections and parameters) was progress based
and structured in a way that the result and conclusion from each section was
adopted as input to the following section. The resulting list of experiments are
presented in Table 1,and included the following sections:

Table 1. PEF process optimization study design.

Exp. Exp. Cell Fexprantion E Fpulse T N TPEEUeatment Energy Input Specific Energy
Section Series Geometry (min) (kV em™1) (ps) (ps) (s) (kWh) Input (k] kg~1)
1 Rectangular 30 1 10 1000 180 x 108 18 252 % 107 1.29 x 107}
1 £ Rectangular 30 - - - - - - s
3 Cylindrical 30 1 10 1000 180 x 106 18 252 % 1078 1.29 x 107
4 Cylindrical 30 - - - - - -
5 Rectangular 30 1 10 1000 1.80 x 108 18 252 x 107 129 % 107"
2 6 Rectangular 30 0.85 10 1000 180 x 10° 18 214 % 107¢ 1.09 x 107
7 Rectangular 30 07 10 1000 499 x 100 18 176 % 1076 9.00 % 1077
8 Rectangular 30 - - -

Table 1. Cont.

Exp. Exp. Cell Fextrastion E Epulse T N FPErtmamant Energy Input Specific Energy
Section Series Geometry (min) (kY cm™1) (ps) ‘us) 15) LK¥Yn) mpur (K] Kg ‘)
9 Rectangular 20 0.85 10 1000 1.80 x 10° 18 214 % 107° 1.09 % 107!
3a “’ Rectangular 30 0.85 5 500 3.60 % 108 18 214 % 10°¢ 1.09 % 107
11 Rectangular 30 0.85 1 100 1.80 x 10/ 18 214 x 107 1.09 x 107!
12 Rectangular 30 - - - - -
13 Rectangular 30 085 1 1000 1.80 x 10° 2 214 x 1077 1.09 % 1072
3b o Rectangular 30 0.85 5 1000 1.80 * 10° 9 107 % 1078 546 x 1072
15 Rectangular 30 0.85 20 1000 1.80 x 10° 36 428 x 107% 219 x 107}
16 Rectangular 30 - - - - - -
17 Rectangular 30 085 2 100 1.80 x 107 36 428 x 107 219 x 107}
N 18 Rectangular 15 0.85 2 100 9.00 % 108 18 214 % 10°¢ 1.09 % 1071
19 Rectangular 10 0.85 2 100 6.00 x 10° 12 143 x 107 729 x 1074
20 Rectangular 30 - - - - -
21 Rectangular 15 085 10 1000 9.00 x 10° 9 1.07 x 10°% 546 % 1072
- 22 Rectangular 15 0.85 2 100 9.00 % 108 18 214 % 10°¢ 1.09 % 1071
23 Rectangular 15 0.85 1 100 9.00 x 10° 9 107 x 107 546 % 1074
24 Rectangular 15 -

Experimental Section 1. Determination of the Optimal Extraction Chamber (Cell)
Geometry

As a starting point of this optimization study, the potential of whether the chamber
geometry is a key parameter in the static extraction behavior was evaluated. For
this reason, two different chamber geometries were tested; A cylindrical and a
rectangular one (described in Section 2.4).

Experimental Section 2. Determination of the Optimal Electric Field Strength

Based on the outcome of Exp. Section 1, the optimal electric field strength was defined.
Three levels of moderate intensity were utilized, namely 1, 0.85, and 0.7 kV cm™.

Experimental Section 3a. Determination of the Optimal PEF Pulse Duration
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Based on the outcomes of Exp. Sections 1 and 2, the definition of the optimal pulse
duration using a rectangular unipolar step-change while keeping a specific (tpuise:T)
analogy equal to 1:100 took place. At this section, three values were used for the tpuise,
namely 10, 5, and 1 ys.

Experimental Section 3b. Determination of the Optimal PEF Pulse Period

Based on the outcomes of the Exp. Sections 1 and 2, the optimal pulse duration using
a rectangular unipolar step-change while altering pulse time to period analogy was
defined. Here, the three sets of (tpuse:T) values used were (1:1000), (5:1000), and
(20:1000).

Experimental Section 4. Determination of the Optimal Extraction Time

Based on the outcomes of Sections 1, 2 and 3, followed the definition of the optimal
extraction duration amongst three values, namely 30, 15, and 10 min.

Experimental Section 5. Verification
Confirmation and re-evaluation of the best cases for the optimal extraction duration.
Total Polyphenol Content of Extracts

The method was adopted by Lakka et al. [38] who employed a validated protocol
(using Folin-Ciocalteu reagent) to analyze the results, which were reported as mg of
gallic acid equivalents (GAE) per gram of dry weight (dw) based on the reference
gallic acid calibration curve (10-80 mg L-') generated for this study. The total
polyphenol yield (Ytp) was calculated using the Equation (3):

Crp XV

w

where Crp is the extract’s total polyphenol concentration (mg L"), V is the volume of
theextraction medium (L), and w is the plant material’s dry weight (g).

High-Performance Liquid Chromatography (HPLC)

The extracts prepared during Exp. Section 5 (21, 22, 23 and 24) were analyzed
using a method adopted by Kaltsa et al. [7]. A Shimadzu CBM-20A liquid
chromatograph (Shimadzu Europa GmbH, Duisburg, Germany), coupled to a
Shimadzu SPD-M20A photodiode-array detector (PDA), and interfaced by Shimadzu
LC solution software, was used for chromatographic studies. A Phenomenex Luna
C18(2) (100 A, 5 ym, 4.6 x 250 mm) column was employed (Phenomenex, Inc.,
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Torrance, CA, USA). The temperature of the analysis was adjusted to 40 *‘C and the
eluents used were (A) 0.5% aqueous formic acid and (B) 0.5% formic acid in
acetonitrile/water (6:4). The injection volume was 20 pL andthe flow rate was 1 mL
min~'. The gradient elution program was as follows: 100% A to 60% A in 40 min;
60% A to 50% A in 10 min; 50% A to 30% A in 10 min, which was kept constant for
another 10 min. The equations of the standards calibration curves were used to
accomplish quantification.

Differential Scanning Calorimetry (DSC)

After evaporating the solvents with a rotary evaporator (Laborota 4000, Heidolph,
Schwabach, Germany), antioxidant activity was estimated using the DSC technique
as described by Pappas et al. [36]. A Perkin EImer Diamond DSC was used to
make the measurements (PerkinElmer Inc., Shelton, CT, USA). As a purge gas,
oxygen was used. In short, empty hermetically sealed pans were used as
control, while 4-5 mg of each sample was placed in DSC aluminum pans with
hole (1 mm in diameter) in the lids to allow the oxygen stream to reach the
sample. Hold for 1 min at 40 °C, heat from 40 to 200 *C (40 *C min~"'), and finally
heat from 200 to 580 °C (20 *‘C min~') were the temperature program used. The
starting temperature of oxidation is determined by the onset temperature of the
oxidation peak (Tmax).

Statistical Analysis

All extraction series and spectrophotometric measurements were done in triplicate,
with the average and standard deviation (SD) of three separate experiments shown.
The results were statistically analyzed using Microsoft Excel 2019 (Redmond, WA,
USA) software. The statistical significance (at p < 0.05) between mean values was
determined using one-way analysis of variance (ANOVA).

RESULTS

This study focused on the PEF process optimization towards maximizing BACs
content of OLL in green solvents, based on our previous work [36]. To find the
optimal conditions, the variables tested were as follows; two different chamber
geometries, three different electric field strengths, various pulse durations and pulse
periods, and three different extraction times. A final verification section assisted in
concluding the optimal conditions. The effect of the above-chosen parameters input
values differentiation on the total polyphenolic composition between the control and
PEF treated samples transpired via the Folin—Ciocalteu method towards extraction
efficiency optimization. Further analysis of the polyphenolic profile was carried out with
HPLC-PDA for the control and the samples produced under optimal conditions to
determine the extraction efficiency enhancement, thus ascertain any selectivity of the
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main components extracted. In addition, an estimation of the oxidation resistance of
the extracts was done by utilizing the DSC technique.

Experimental Section 1 (Exp. Series 1-4)—Rectangular vs. Cylindrical
Extraction Chamber

The design of the treatment chambers is critical to the development of PEF technology
since they hold the sample material during PEF application and house the
dischargingelectrodes. A treatment chamber is made up of two electrodes that are
held in place by an insulating substance that also serves as a container for sample
materials. The electrode configurations that can be used are parallel plates, parallel
wires, concentric cylinders, and a rod plate [39]. Parallel plates are the most
practical choice because they create a homogeneous electric field strength
distribution over a large useful area. Concentric cylinders, on the other hand, provide
a smooth and uniform product flow and are popular in industrial applications.

For the first section, the treatment parameters for extraction of the finely ground
OLL was an electric field of 1 kV cm™, a pulse duration of 10 ys, and a pulse
period of 1000 us for a 30 min extraction duration. For the treatment chamber, two
different geometries, rectangular and cylindrical were chosen. The highest
percentage increase in

YTtp between PEF and control samples transpired with the rectangular chamber. The
results (Table 2, Exp. Series 1—-4) showed that the PEF treatment into the rectangular
chamber led to a 33.8% increase, while into the cylindrical utilization resulted in a
16.0%, both significant (p < 0.05) compared to the control samples. In particular,
when PEF was applied, the Ytpby the rectangular chamber appeared to be 24.98 +
0.56 mg GAE g~' dw, while the one from the cylindrical chamber reached 16.66 +
1.55 mg GAE g~' dw. Except for the lower Ytp measured for the case of the
cylindrical chamber versus the rectangular one, a lower percentage increase was
reached when comparing the PEF treated sample in cylindrical chamber to the
control. It appears that the uniformity of the field in the rectangular geometry is
dominant. Thus, the rectangular chamber was chosen as the optimal geometry to
continue the optimization study.
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Exp. Exp. Cell Lextraxtion E Tpulse T Average Y1r %

Section Series Geomelry (min) (kV em™1) (ps) (ps) (mg GAE g 1dw)! D Increase ' sD
1 Rectangular 30 1 10 1000 24.98° 0.56 33.8 8 4.7
1 2 Rectangular 30 -2 - - 18.690 1.08 - -
3 Cylindrical 30 1 10 1000 16.662 1.55 16.04 5.5
4 Cylindrical 30 - - - 14,4272 2.01 - -
5 Rectangular 30 1 10 1000 24800 1.36 29,14 2.6
- 6 Rectangular 30 0.85 10 1000 26510 0.75 3818 0.8
7 Rectangular 30 0.7 10 1000 26300 1.28 3698 2
8 Rectangular 30 - - - 19.20° 0.66 - -
9 Rectangular 30 0.85 10 1000 24.69 l” 2.24 2984 2.2
3a Rectangular 30 0.85 5 500 24.50"° 0 29,14 2.6
11 Rectangular a0 0.85 1 100 2491° 0.18 31.24 2.8
12 Rectangular 30 - - - 19.00% 0.68 - -
13 Rectangular 30 0.85 1 1000 21.90" 0.42 1844 0.6
3b s Rectangular 30 0.85 5 1000 23.53¢ 0.94 2728 2
15 Rectangular 30 0.85 20 1000 24.57°¢ 0.83 32.8¢ 13
16 Rectangular 30 - - - 18.50° 0.45 - -
17 Rectangular 30 0.85 2 100 24.75b 0.73 3568 2.7
18 Rectangular 15 0.85 2 100 25350 .66 3898 2.4
19 Rectangular 10 0.85 2 100 17.04% 0.21 —6.64 2.2
20 Rectangular 30 - - - 18.30° 1.44 - -
21 Rectangular 15 0.85 10 1000 23.71°0 0.29 2554 3.1
- 22 Rectangular 15 0.85 2 100 25.49°¢ 0.88 3498 0.3
23 Rectangular 15 0.85 1 100 25.34° 1.1 3418 0.9
24 Rectangular 15 - - - 18.90* 0.69 - -

! Means within rows of each Exp. Section with different superscript letters (a-c: A-C) are significantly (p < 0.05) different. 2*-" denotes no
values for control samples (no PEF applied).

Experimental Section 2 (Exp. Series 5-8)—Optimal Electric Field Strength

All the cells in the sample are exposed to the same electric field in uniform electric field
chambers, which is beneficial for electroporation. If the field strength is enough and
close to the optimal value, high intracellular compound extraction yields are feasible.
However, given that optimum extraction yields can fall significantly above or below
the optimum field strength, the optimum value for the electric field strength must always
be determined through structured experimental design.

Based on the literature [40], it was decided to screen the electric field for an optimal
effect on the extraction of bioactive compounds from OLL at the range of 0.7 to 1 kV
cm™', keeping the level of specific energy input bellow 5 kJ kg~'. Thus, for this
optimization section (Exp. Section 2), three different input values for the electric
field strength were tested, namely 1, 0.85, and 0.7 kV cm™'. The field strength of 1
kV cm~' resulted in an increase of 29.1% in Y1p. In Earticular, the results (Table 2, Exp.
Series 5-8) showed that the specific PEF sample gave a Y1p of 24.80 + 1.36 mg GAE
g~' dw while the control sample 19.20 + 0.66 mg GAE g~' dw. The application of field
strengths of 0.85 and 0.7 kV cm™' resulted in higher percentage significant (p < 0.05)
increases (38.1% and 36.9%, respectively). The highest increase was observed for the
case of 0.85 kV cm™ field strength and is in line with previous studies. Although, it was
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not significantly different than that of 0.7 kV cm™, it was selected to continue the
optimization study.

Experimental Section 3a and 3b—Optimal PEF Pulse Duration and Period
(Exp. Series 9—12and 13-16)

For Exp. Section 3 of the optimization study, different pulse durations or periods were
examined, thus altering the cell membrane relaxation time or the specific energy applied
to the sample towards revealing the best combination for the OLL extraction. For this
section, based on the outcome of Exp. Sections 1 and 2, the starting point was the
rectangular chamber and electric field strength of 0.85 kV cm™ for an extraction
duration of 30 min. The targeted research inquiry of this optimization section was
twofold. For the first part,the changes of touse and T followed a constant ratio of 1:100,
while for the second part, we experimented with different tpuse under a fixed T.

For Exp. Section 3a (Table 2, Exp. Series 9-12), the highest percentage increase between
PEF and the control sample was achieved when a pulse duration of 1 us and a pulse
period of 100 ps (31.2%) was applied. In particular, the Ytp for the extract produced with
tpuse 1 pysand T 100 ps was 24.91 + 0.18 mg GAE g~' dw while for the control, it was
19.00 0.68 mg GAE g~' dw. Similar increases transpired by applying tpuse 10 us with
T 1000 ps and tpuise 5 ys with T 500 us, which were 29.8% and 29.1%, respectively.

For Exp. Section 3b (Table 2, Exp. Series 13—-16), the highest percentage increase was
obtained with tpuse 20 pys and T 1000 ps, namely 32.8% (significant at p < 0.05). In
particular, the PEF sample resulted in a Ytp of 24.57 + 0.83 mg GAE g~ dw, while
for the control, it was 18.50 + 0.45 mg GAE g™ dw. For the rest of the PEF
conditions tested, namely touse 1 us with T 1000 pys and tpuise 5 ps with T 1000 ps,
lower but significant (p < 0.05) increases were observed, particularly 18.4% and
27.2%, respectively.

The outcome from Exp. Sections 3a and 3b indicated the preference for a short
pulse period and specifically the set of tpuise 0f 2 ys and T of 100 ps. Therefore, these
conditionswere selected for the next step of the optimization study.

Experimental Section 4 (Exp. Series 17-20)—Optimal Extraction Time

In Exp. Section 4 (Table 2, Exp. Series 17-20), the effect of the extraction time was
quantified as the last parameter of choice for the completion of the PEF assisted
OLL extraction optimization. An electric field strength of 0.85 kV cm™', with a
touse Of 2 ys and a T of 100 us, was applied for three different extraction
times,namely 30, 15, and 10 min. The extraction time of 30 min led to an increase

131



of 35.6% (significantat p < 0.05). However, for 15 min treatment duration, an even
higher increase (38.9%) was observed (p < 0.05). Possibly the exposure of the
samples to the air for more time (30 min) increased the oxidation of some compounds.
In particular, the Ytp for the control sample was 18.30 + 1.44 mg GAE g~' dw while for
the PEF treated extract, Ytp reached a 25.35 + 0.66 mg GAE g~' dw. In contrast to
the above trend, the 10 min treatment time proved to be insufficient, having a not
significant difference in contrast to the control sample concerning Yp.

From the outcome of Exp. Section 4, the extraction duration of choice for the final
verification section of our study was 15 min, half from the initially applied. Such a
result has several economical and practical benefits, and it should be utilized at an
industrial scale for obvious reasons.

Experimental Section 5 (Exp. Series 21-24)—Verification Section

Finally, in Exp. Section 5 (Table 2, Exp. Series 21-24), a verification check was
performed for the optimal cases found in the previous sections with the difference of
applying 15 min instead of 30 min for the extraction duration. As shown in Table 2,
the results appear to follow the findings when the treatment time was 30 min. In
particular, the highest increase was 34.9% and transpired using tpuise Of 2 ys and T
of 100 ps. A similarincrement (34.1%) resulted by applying tpuise of 1 ys and T of 100
Ms. The lowest increase was 25.5% when tpuse of 10 us and T of 1000 us were
utilized. The percentage increaseswere not significant between Exp. Series 22 and
23.

Characterization of the Extracts Using HPLC—Polyphenolic Composition of
Exp. Series21-24

The main components of OLL found during this study are following the litera-
ture [6-9,36,41,42]. In specific, the predominant constituents are oleuropein and
luteolin- 7-O-glucoside. Additionally, luteolin’s related substances are in lower
amounts, as well apigenin-7-O-rutinoside and quercetin-3-O-rutinoside. Seven main
compounds were revealed from the chromatogram at 345 nm (Figure 2).
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The peaks 2 and 4 with a Amax at 349 nm and 345 nm were identified according to
their retention time, absorption spectrum, and their corresponding reference
substances as quercetin-3-O-rutinoside and luteolin-7-O-glucoside, respectively. From
our previous work [7], peaks 5 and 6 were tentatively identified (by LC-DAD-MS) as
apigenin-7-O- rutinoside and luteolin-3-O-glucoside, respectively. Due to the lack of
corresponding reference substances, peaks 1, 3, and 7 could not be identified, even
though according to lit- erature [6,7] and their similar UV-Vis spectrum to luteolin-7-O-
glucoside, it is believed to be related substances of luteolin. In specific, peak 1 is
believed to be luteolin diglucoside which Mylonaki et al. [9] and Herrero et al. [10]
identified as luteolin diglucoside eluting barely be- fore quercetin-3-O-rutinoside with a
Amax at 331 nm, just like peak 1 in Figure 2 with a Amax at 333 nm. From the findings of
Herrero et al. [6], luteolin rutinoside is eluted with a Amax at 340 nm between quercetin-
3-O-rutinoside and luteolin-7-O-glucoside. Thus, it is believed that peak 3 is luteolin
rutinoside since the chromatogram follows identical elution order with a Amax at 345 nm.
Peak 8 with a Amax at 280 nm was identified as oleuropein based on its retention time
and absorption spectrum with the corresponding reference substance. The control
sample extracts for the main compounds achieved amounts 0.76 + 0.03 mg g~ dw for
luteolin-7-O-glucoside and 0.65 + 0.04 mg g' dw for oleuropein (Table 3). Lower
amounts were reached by quercetin-3-O-rutinoside, apigenin-7-O-rutinoside, and
luteolin- 3-O-glucoside (0.16 £ 0.01, 0.25 £0.01, and 0.25 +0.03 mg g~' dw, respectively).
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duration of 15 min.

e Cortierter et Quercetin- Luteolin- Apigenin- Lut:’:olin—
Series Parameters Peak1* 3-0- Peak 3! 7-0- 7-0 3-0- Oleuropein Peak 71
Rutinoside Glucoside  Rutinoside®  Glucoside!
Average 3 0.14° 0.25"° 027" 1.30°¢ 0.39°¢ 031" 1.12¢ 0.09%
sD 0.02 0.03 0.01 0.04 0.01 0,02 0.06 0
% Increase ® 26,878 55.87 4 42118 70,31 ¢ 56,068 24564 72368 42868
sD 6.68 9.03 5.26 0.72 2.24 7 1.38 12.37
Average 0139 0.24% 0.20° 1.08b 0.36 ¢ 0.28° 1414 0.073%
. SD 0.02 0.01 0.01 0,05 0.02 0.01 0.07 0
% Increase 17.73 A8 50,134 61440 41.024 43,944 10,734 117.58°¢ 11114
sD 7.51 314 4.02 1.6 2.24 9.52 3.46 9.62
Average 0137 0.24" 0.28" 1.24°¢ 037" 031" Lo1b 0.10"
SD 0.01 0.02 0.01 0.03 0 0.02 0.03 0.01
% Increase 18.28 A 49,87 A 4737 B 62.48 B 48.16 AEB 2532 4 55594 57.94°8
SD 1.67 314 5.26 1.5 593 8.2 4.97 8.36
Average 0112 0.162 0.192 0.762 0.252 0.252 0.652 0.062
24 SD 0.01 0.01 0 0.03 0.01 0.03 0.04 0.01
% Increase -4 - - - - . . .

1 I.lltea|i|1-3'-O-glucnsidn as well as peaks 1, 3 and 7 were quantified as luteolin-7-O-glucoside. 2 Apigenin-7-O-rutinoside was quantified
as apigenin, * Means within each column (compound) with different superscript letters (a-c; A-C) are significantly (p < 0.05) different.
4. denotes no values for control samples (no PEF applied).

It is recognized that the main factors that rule the multitude and the levels of the
components detected are the solvent choice, the extraction method, the seasonality,
and the locality [43—45]. The concentrations of the main identified compounds of OLL
extracts between the control sample and three conditions of PEF with 15 min textraction
were evaluated to define the PEF treatment effect and especially how different
combinations of pulse durations and periods change the polyphenolic composition in the
extracts (Table 3, Figure 3).

In specific, the PEF conditions with tpuse 10 ys and T 1000 s, tpuse 2 us and T 100 us
and tpuse 1 us and T 100 ys were examined (for Exp. Series 21-24), while the other
PEF parameters were unchanged. In most cases, all the above PEF treatment
conditions have

shown significant enhancements to the amounts of the tested constituents, which
led to an increase up to 117.58%, proving that a disintegration effect on cell
membranes of OLL was sufficiently successful even for shorter touse and T. The
PEF condition with tpuse 10 ys and T 1000 pys (Exp. Series 21) reached higher
percentage increases than the other two conditions for five of the eight components
examined. In specific, for peak 1, quercetin-3-O-rutinoside, luteolin-7-O-glucoside,
apigenin-7-O-rutinoside and luteolin-3- O-glucoside was 26.87%, 55.87%, 70.31%,
56.06% and 24.56%, respectively. The rest of the compounds, namely peak 3,
oleuropein, and peak 7, ranged from 42.11% to 72.36%. As the PEF treatment with tpuise
1 usand T 100 ps (Exp. Series 23) is concerned, it led to a higher increase for peak 3
and peak 7 (47.37% and 57.94%, respectively), while the increment for the other
constituents ranged from 18.28% to 62.48%. The highest increase for oleuropein was
117.58% and achieved by the PEF condition with touse 2 ps and T 100 us (Exp. Series
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22). For this condition, the increment for the rest compounds ranged from 6.14% to
50.13%.
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Figure 3. Percentage increases for the main compounds on the three best combinations of t,5. and T.

For the main compound of OLL, namely luteolin-7-O-glucoside, Palmeri et al. [42]
achieved an amount of 0.82 mg g~' dw by applying an extraction with water as
solvent, high temperature, and a high liquid to solid ratio of 20:1 mL g~'. In our work,
the same metabolite reached 1.30 + 0.04 mg g~' dw for the PEF condition with tpuise
10 ps and T 1000 us (Exp. Series 21). The significance of this result is based on
that a higher amount was gained from a nonthermal effective green extraction
method, using a low liquid to solid ratio (3:1). Furthermore, the low percentage
(25%) of “green” solvent (EtOH) used, minimizes the cost of its recovery and
recycling procedure in the final product and, thus, eliminate the environmental
limitations. Additionally, this quantity of luteolin-7-O- glucoside appears two times
higher than that we have previously reported [36], possibly because of the
optimization procedure followed during the work and the different time of collection
of OLL (variance in plant material). Concerning the secondary components,
quercetin-3-O-rutinoside, apigenin-7-O-rutinoside, and luteolin-3-O-glucoside, the
PEF treatment led to amounts near 0.3 mg g-' dw, wher& similar concentrations were
reached in recent studies [7,42] where high liquid to solid ratios and high“energy input
to the sample were applied. Finally, for oleuropein, Cifa et al. [46] reached 3.1 mg g™
dw, using a similar percentage of ethanol (30%), somewhat higher liquid to solid ratio
(5:1), and ultrasound application for 120 min (energy input range of 12 x 103 kJ kg™).
The highest concentration of oleuropein, succeeded with PEF treatment in our work,
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was 1.41 + 0.07 mg g~' dw ina much shorter extraction time (15 min) and much lower
energy input to the sample (range of 0.1 kJ kg™'). However, the results of the above
authors are not directly comparable with those of the present work since they have
used leaves of a different O. europaea L. variety which was also cultivated in
different agroclimatic conditions.

Differential Scanning Calorimetry (DSC)

Antioxidant oxidative stability can be determined using the DSC technique [47]. The
estimated temperature at the start of the oxidation process based on observations
taken during the incubation period is used to assess this stability. As a result, DSC
may be usedto deduce oxidation kinetic parameters from the thermographic curves
that provide the temperature of the extrapolated initiation of the thermo-oxidation
process [48]. Tmax, in particular, is the thermographic curve’s highest oxidation peak.
The greater the Tmax value, the higher the sample’s resistance. DSC was used to
measure the exothermic peaks of the extracts in this study (Table 4). According to the
results, the Tmax was found to be directly related to the total polyphenol content of
each sample. The samples of Exp. Series 6 (pulse duration: 10 pys, pulse period:
1000 us, electric field: 0.85 kV cm™, time of extraction: 30 min) achieved the
highest oxidation peak (Tmax) of 488 “C (significant at p < 0.05), as well as the
highest percentage increase (significant at p < 0.05) in comparison to the control
sample (Exp. Series 8).

Table 4. DSC results on the oxidation temperature (Tiax) of the various samples.

PEF Treated Extract Control Extract
EXP‘ Exp. Series A Oxidati EX.P' A Oxidati % Increase ! SD
SEEthl’l VE]‘ﬂgE xXidation SD SEHES verage Xidation SD o
Temperature ('C) 1 Temperature (°C) 1

1 4762 1 2 415" 1 14,788 081

L 3 411°¢ 2 4 401°¢ 1 2,494 0.24
5 4752 1 13.634 0.89

2 6 4880 2 8 41849 2 16.82B 0.76
7 484°¢ 1 15.958 0.53

9 4733 1 13.704 0.67

3a 10 4722 1 12 416° 1 13.464 0.69
11 477% 1 14.66 # 0.56

13 4592 2 10954 0.19

3b 14 468° 1 16 4144 2 13.048 0.18
15 474°¢ 1 14.57¢ 0.09

17 4753 2 14,738 0.65

4 18 480" 1 20 4144 2 15.948 0.89
19 412°¢ 1 —0.484 0.24

21 4692 2 12.744 0.21

5 22 4820 1 24 416°¢ 1 15.878 0.24
23 480" 2 15388 0.2

! Means within rows (Exp. Sections) with different superscript letters (a-d; A-C) are significantly (p < 0.05) different.
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The novelty of this study was to deal with optimizing PEF technology as a standalone
solid-liquid extraction method for bioactive constituents from freshly cut OLL, under
the goal of developing and proposing a method that would replace the conventional
extraction techniques by substantially reducing the use of organic solvents and the
energy input towards a more efficient, effective, and environmentally friendly
polyphenolic compoundisolation technique in an economically feasible way.

Overall, PEF enables a higher rate of diffusivity by triggering cell permeabilization
changes and, thus, forcing the migration of intracellular components of interest to a
solution. Our study design evaluated all the critical parameters affecting the
extraction yield of the bioactive compounds comprehensively. The results indicated
a significant increase in the total polyphenolic content of the obtained extracts
produced using a “green” solventmixture under fine-tuned PEF conditions.

The amount and nature of the extracted polyphenols depended on the chamber
geometry, the applied electric field, the pulse duration and period, and the treatment
time; allowing for interesting quantitative and qualitative conclusions over the
correlation ofthe above parameters with the electroporation optimal energy range for
the specific plant material cells, the achieved extraction yield and the structure of the
extracted metabolites. The optimal detected PEF contribution on the total
polyphenols extractability (38% increase) and constituents of interest for the food,
pharma and cosmetic industry (up to 117% increase for specific metabolites)
transpired for a rectangular-shaped extraction chamber and 25% v/v aqueous ethanol
solvent choice using a pulse duration (tpuse) of 2 us under 0.85 kV cm™' electric field
strength (E), and a period (T) of 100 ps for a 15 min extraction duration (textraction)
ascertaining a significant dependence of PEF assisting extraction performance to the
parameters chosen in this study.

Comparing to our previous study [36], for the same raw material (same tree but
different season), we reached levels of Ytp that resulted from much higher EtOH
contentsolvents (75% EtOH:H20) in half the extraction duration. In particular, during our
previous study, we reached 31.45 mg GAE g~' dw with 75% EtOH, textraction of 30
min, and electric field strength of 1 kV cm™', while, in this study, a similar yield
(25.49 mg GAE g' dw) transpired after the optimization of the PEF assisted
extraction procedure with only 25% EtOH, 15 min textraction, and 0.85 kV cm~ electric
field strength. Thus, the achievement is both energy and cost-effective, reducing the
cost of the whole process while increasing the environmental friendliness of the
process.

From the comparative difference of compound concentration percentage increment on
each PEF condition, it appears that PEF conditions (such as touse and T) affect the
extraction rate of intracellular components in a nonlinear manner, demonstrating the
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selectivity of thisextraction method. The latter claim is strengthened by the observations
and outcome of our previous study [36], where we noticed that tpuse affected the
extraction rate of identified components, allowing for the selective extraction of
distinct OLL molecules. Given that selective extraction is a difficult, time-consuming,
and energy-intensive technique, this discovery is critical.

The molecular structure and therefore size, changes in cell membrane breakdown
(such as pore size), as well as the solubility of extracted components and the
solvent’s polarity, are all possible causes of this selectivity [48,49]. With the exception
of oleuropein, the tpuse Of 10 pys achieved higher or satisfactory increases (no
significant difference) for all substances apart from phenolic glycosides, where the
molecule usually comprises one or two sugar units bound to a flavone-backbone
(quercetin). Because oleuropein’s molecular structure differs from other phenolic
compounds in its lack of a flavone backbone and its smaller size, the shorter tpuse Of 2
Ms produced considerably (p < 0.05) superior outcomes. Additionally, the different
solubility of each component is a crucial factor in PEF treated samples. The solubility
of the various components was reported in our previous work [36]. In brief,
quercetin-3-O-rutinoside has a much lower water solubility than the other
compounds, while ethanol is an excellent solvent for oleuropein (all other glycosides are
less soluble in it).

Larger molecules tend to require longer continuous pulse duration for selective ex-
traction. As a result, the key to their optimum selective extraction is a combination
of molecular size and solubility.

The results showed that the Tmax was directly related to the total polyphenol content
of each sample when using DSC to determine the higher oxidation resistance.

CONCLUSIONS

Based on our findings, the PEF application boosted the performance of conventional
static solid—liquid extraction of specific bioactive compounds from fresh olive leaves in
an eco-friendly way utilizing green solvents. Even though industrial limitations can
originate from the static nature of the standalone extraction optimization proposed
technology for continuous flow industrial applications, PEF presents an excellent
potential for green selective extraction of polyphenolic compounds from OLL. PEF
assisted extraction technology can revitalize functional food manufacturing in a
sustainable fashion, generating high- quality products enriched with BACs that have
several public health benefits, depending on the biomass qualities, availability,
composition, and degree of comminution.

Complementary work is strongly advisable to include the solvent, pH and, polarity
effect in the PEF outcome towards maximizing polyphenols concentration. Future
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work should also focus on further optimization of PEF process parameters to further
validate and maximize the selective polyphenols concentration. Another area of
future research interest is the influence of chamber content conductivity in the PEF
effect.
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Extraction of volatile aroma compounds from
toasted oak wood using pulsed electric field
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ABSTRACT

The effect of pulsed electric field (PEF) on the extraction of volatile compoundsfrom
toasted oak wood chips immersed in various aqueous ethanol solutions (5%, 12%,
50%, and 70% vol/vol) was determined by Gas chromatography/mass spectrometry
(GC/MS) after ultrasound-assisted extraction. PEF treatment showed the highest impact
in the 5% solution, increasing vanillin, syringaldehyde, oak lactone (cis- and trans-), and
furfural by 75%, 371%, 13%, and 50%, respectively. PEF wasalso tested on Agiorgitiko
red wine and on malt and wine distillates. In wine distillate, 4-vinylguaiacol was also
detected. For red wine, a PEF of 1.2 kV/cm increased the efficiency of extraction of
wood aroma compounds from 5% to 200%. Differences in the extracted volatile
compound concentrations between the control and PEF- treated samples were also
observed in the malt and wine distillates. The sensory evaluation showed that the PEF-
treated malt was similar to an aged whiskey, havingnuances of toasted oak.

143


http://doi.org/10.1002/fsn3.654
http://www.ncbi.nlm.nih.gov/pubmed/29983977
http://doi.org/10.3390/chemengineering1020015
http://doi.org/10.1111/jfpe.12638
http://doi.org/10.1016/j.foodres.2020.109715
http://www.ncbi.nlm.nih.gov/pubmed/33233287

PRACTICAL APPLICATIONS

This work was done as a preliminary investigation for our on-going research into the
application of PEF technique for the extraction of aromatic compounds from oak wood,
and the acceleration of both wine and malt distillate aging. The findings suggest that
PEF could be introduced in wine, brandy, and whiskey industry as a novel technology
for the acceleration of the aging process.

INTRODUCTION

The pulsed electric field (PEF) technique is based on the use of high intensity PEFs for
the disintegration of the cell membrane (Maged and Amer Eiss, 2012; Ntourtoglou et al.,
2020; Ortega-Rivas, 2012; Puertolas et al., 2010). With the induction of external
electric fieldon cells, destabilization of the membrane and perforation occur, resulting in
the formation of pores in the lipid bilayer or the protein domains of the cell membrane
(McLellan et al., 1991). This phenomenon is also known as electroporation. The main
parameters determining the efficacy of PEF are intensity, pulse width, pulse number,
and frequency. Depending on the intensity and the duration of the electric field, the
formed pores can either reseal (reversible electroporation) or lead to cell disruption
(irreversible electroporation) (Ortega-Rivas, 2012; Timmermans et al., 2014). Regarding
small molecules, KanduSer and Miklav€i¢ (2008) suggested that short pulses of
microseconds to milliseconds are sufficient, whereas for large molecules, like dextranes
70 kDa or DNA, longer pulses in the range of few milliseconds should be used.
However, the exact mechanism and the impact of each factor have to be further
elucidated.

The high intensity PEF processing system is a simple electrical system consisting of
a high-voltage source, a capacitor bank, a switch, and a treatment chamber. From the
electric point of view, the PEF treatment chamber represents the electric load
consisting of two or more electrodes filled with the liquid substance to be treated. The
chamber has to be constructed in such a way that the electric field acting on the liquid is
more or less homogeneous acrossthe entire active region. This goal can be reached in
principle with planer, coaxial, and axial electrode geometries (Loeffler, 2006).

In the past few vyears, there has been an increasing interest in processing
microorganisms with PEF. The application of PEF is primarily used as a nonthermal
process for the inactivation of microorganisms with the potential of being an alternative
for the pasteurization of food without downgrading its sensory and nutritional properties
(Alvarez et al., 2003; Grahl & Markl, 1996; Ntourtoglouet al., 2020; Toepfl et al., 2007).
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Increasing interest also appears in the application of electric field on wine for a
number of purposes as well. Corrales et al. (2008) compared the effect of PEF and
other novel technologies on the extractability of anthocyanins from grape by-products.
The effect of PEF on (+)-catechin—acetaldehyde condensation in a model wine solution
was studied by Zhao et al. (2013). Their study showed that the condensation between
(+)-catechin and acetaldehyde was apparently enhanced by PEF treatment. Under
treatment at 40 kV/cm, the condensation was increased with increasing reaction
temperature, as well as with decreasing pH values. The work of Puertolas et al. (2010)
showed that each grape variety behaves differently in response to PEF treatment.
Taking into consideration that the efficacy of PEF treatments depends on the cell size
and the homogeneity of the medium, it could be suggested that the cell morphology
among grapes influences the effectiveness of PEF. It was observed that, when PEF
treatment is performed prior to vinification, the optimum electric field strength of PEF
treatment for the anthocyanin extraction from Cabernet Sauvignon grapes was5 kV/cm,
whereas for Merlot grapes, it was 7 kV/cm. According to another study by Delsart et al.
(2014), which is in accordance with the results of Puertolas et al. (2010), when PEF
treatment was applied to Cabernet Sauvignon grapes before fermentation, treatments of
long duration and low electric field strength (E = 0.7 kV/ cm, t..- = 200 ms, W = 31
Wh/kg) mainly affected parietal tannins, while high electric field strength and short
duration treatment (E = 4 kV/cm, t... = 1 ms, W = 4 Wh/kg) led to greater extraction of
the anthocyanins.

The influence of PEF on wood material was described by Kumar et al. (2011). After the
treatment of wood chips with an electric fieldof 1-10 kV/cm, they observed an increase
in tissue porosity, a phenomenon that may be due to cellulose hydrolysis. Recently,
Kietbasa et al. (2021) reached to the same conclusion after treating dry sawdust from
coniferous trees with PEF by placing it between two high conductive stainless-steel
electrodes, applying pulses of 25-30 kV/ cm and measuring the heat of combustion of
the treated wood. Additionally, Kumar and Sharma (2017) claimed that PEF
pretreatment exposes the cellulose present in the biomass by creating the pores in the
cell membrane and, thereby, allowing the entry of agents that will break the cellulose
into constituent sugars. Nevertheless, the mechanism that unambiguously determines
these phenomena has not been described in detail. Also, Vorobiev and Lebovka (2017)
described the application of PEF in lignocellulosic material which has as result the
disintegration of lignocellulosic mass.

It is widely known that the use of oak in alcoholic beverages andwine plays a significant
role in processing and can have a profound effect on the resulting product (wine,
whisky, cognac, etc.) affecting the color, flavor, tannin profile, and texture. Oak comes
into contact with the product in the form of a barrel during the fermentation or aging
period. It can be also introduced in the form of free-floating oak chips or as wood
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staves (or sticks). The wood chips are used for the rapid flavoring of alcoholic
beverages. Their use greatly speeds up the flavoring or aging compared with a barrel—
and specifically, the pieces from American oak (Quercus alba) offer intense aroma of
vanilla and coconut and more bitterness and astringency. Seven of the main substances
extracted from wood during the aging process, form the sensory character. These are
two phenolic aldehydes (vanillin and syringaldehyde), two phenolic alcohols (eugenol
and guaiacol), furfural, and oak lactone (the cis-isomers and trans- isomers of 3-methyl-
octalactone). However, according to Arapitsas et al. (2004) and Rodriguez-Rodriguez
and Gomez-Plaza (2012), the most important volatile compounds for flavor processing
that are extracted from oak wood are syringaldehyde, vanillin, oak lactone, and furfural.

This work was done as a preliminary investigation for our ongoing research into the
application of PEF techniques in the extraction of aromatic compounds from oak wood
and the accelerationof both wine and distillate maturation. Specifically, the effect of PEF
on the extraction of volatile compounds from toasted wood chips immersed in various
aqueous ethanol solutions was determined by Gas chromatography/mass spectrometry
(GC/MS) after ultrasound assisted extraction. PEF effect was also studied on Agiorgitiko
red wine and on malt and wine distillates.

MATERIALS AND METHODS

Oak chips

Untoasted French Quercus spp. oak wood chips were purchased from Arobois
(Gagnac, France). These oak wood chips were extra small in size (definition of the size
from the producer) (8 mm long and 3 mm thick) and heterogeneous in shape, mainly
rhombohedral. The chips were toasted at 200°C for 2 hr before being used. Toast was
performed according to Arapitsas et al. (2004).

Chemical and reagents

Absolute ethanol (purity > 99.8%) was purchased from Merck (Darmstadt, Germany).
Dichloromethane, chloroform, sodium chloride, and anhydrous sodium sulfate were
purchased from Chem Lab (Zedelgem, Belgium). Vanillin, syringaldehyde, oak lactone,
and furfural were purchased from Sigma-Aldrich (Darmstadt, Germany).

Aqueous solution of ethanol
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The effect of PEF on the extraction of volatile compounds from oak wood chips was
investigated in four different alcoholic concentrations (5%, 12%, 50%, and 70% vol/vol).
For the preparation of each aqueous solution of ethanol, absolute ethanol (purity >
99.8%) was diluted with distilled water to the desired alcoholic volume. The dielectric
constants (¢1) of the ethanol solutions were calculated as 77.22 for the 5% (vol/vol)
solution, 73.32 for the 12% (vol/vol) solution, 52.15 for the 50% (vol/vol) solution, and,
finally, 41.01 for the 70% (vol/vol) solution.

Wine

The effect of PEF on the extraction of volatile compounds from oak wood chips was
investigated in wine produced at the Department of Wine, Vine and Beverage Sciences
(University of West Attica) from grapes of Agiorgitiko, a Greek red wine grape variety.

Malt distillate and wine distillate

Malt distillate (alcoholic degree of 50% vol/vol) was purchased from the local market in
order to compare the influence of PEF application between model ethanol solution and
alcoholic beverage of similar alcoholic concentration. Distillate was chosen under the
criteria of having zero interference with oak. Wine distillate was obtained by the
distillation of wine produced by Agiorgitiko grapes, just after its stabilization without
remaining in barrel (young
wine).

147



bottle

Stainless steel

clectrode w

Wood chips+alcohol

FIGURE 1 he pulsed electric field (PEF) treatment chamber with details

PEF apparatus

The PEF equipment used was a static bench scale system. It was consisted of a high
voltage power generator (Eisco, India), a digital oscilloscope (UTD 2062C, ELV
Elektronik AG, Germany), and a pulse generator (UPG 100, ELV Elektronik AG).

The PEF generator used provided a maximum voltage of 5 kV. This generator provided
pulses of monopolar rectangular shape. Signals of voltage, current, frequency, and
pulse waveform were monitored by the digital oscilloscope.

The processing cell (Val Electronic, Greece) is shown in Figure 1a—c. The outer part
consisted of a copper cylinder, which serves as a positive electrode (metal wall 4 mm,
length 125 mm, diameter and 28 mm). A “U” shaped glass tube with a screw cap
(Figure 1a,b) (20 mm in diameter, 130 mm in height, and 2 mm glass thickness)
carrying the negative electrode, filled with the solution to be treated, was inserted in the
copper cylinder. The negative electrode was a stainless-steel bar (5 mm in diameter
and 120 mm in height) which had been attached to the stopper which was screwed into
the “U”-shaped glass tube. The strength of the electric field Es is calculated as Es = V/d,
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where E is the applied voltage to the cell and d is the distance between the negative
electrode and the copper cylinder (d = 0.75 cm) (Zhang et al.,. ,2012, 2013).

Using the following equations:
Esxsi =Egx s2
E=Es x0.75cm + Eg x0.2cm

where Es = electric field in the ethanol solution, Eg = electric field in the glass, and E =
applied voltage of 5 kV/cm; the Es was calculated as 1.02 (5% ethanol), 1.06 (12%
ethanol), 1.40 (50% ethanol), and 1.69 (70% ethanol).

PEF treatment procedure

Toasted oak chips (0.2 g) (mean diameter 2-3 mm) were added to 25 ml of each
sample (aqueous ethanol solutions, malt or wine distillates) in the “U”-shaped glass
tube. For each case, the time (s) of treatment was calculated as:

t=ti+tp xP

where t = pulse width (s), t, = pause time (s), and P = number of pulses. The treatment
conditions used in the experiments were E =5 kV/ cm, t = 1,500 s or 25 min (t =5 s, t,
= 5 s, p = 150). Finally, the treatment conditions used in the experiments for malt
distillate were E = 5 kV/cm and 25 min (t =2 ms, t,= 5's, p = 299) duration. As control
samples ethanol solutions with 0.2 g of oak wood chips were used. However, during the
experimental procedure, no energy was applied (0 kV/cm).

Extraction of volatiles

Immediately after treatment, all samples, either PEF treated or control, were subjected
to ultrasound-assisted extraction. During this procedure, 10 ml of saturated NaCl
solution and 25 ml of dichloromethane were added to the samples and mixed in a
laboratory flask. The flask was then placed in an ultrasonic bath (Transsonic T570/h,
Elma, Germany) for 10 min at room temperature. Then, the samples were centrifuged
(Hermle Z200A, Milan, Italy) at 3,500 rpmfor 5 min for better separation of phases. The
supernatant (aqueous phase) was then extracted again using the same volume of
solventin the ultrasonic bath for 10 min. The combined organic layers were then washed
with distilled water in a separation funnel, dried over anhydrous sodium sulfate, filtered,
and then condensed in a vacuumrotary evaporator (BUCHI, Rotavapor, R-205, Flawil,
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Switzerland). Prior to chromatographic analysis, the sample was recovered with 50 pl
of chloroform. One microliter of this solution was used for the GC/MS analysis.

Gas chromatography/mass spectrometry analysis

Each sample was subjected to GC/MS analysis, using an Agilent 6,890 series GC
System (Agilent Technologies, California, USA), equipped with 5§975C VL MSD and a
fused silica capillary column,30 m x 0.32 mm i.d. x 0.25 ym film thickness (HP-5MS,
Agilent Technologies). One microliter of sample was injected using a split ratio of 100:1.
The injector temperature was set at 250°C, the carrier gas was helium at a flow rate of 1
ml/min, and the oven temperature program was 50°C for 2.5 min, increased to 180°C at
2.5°C/ min, then to 230°C at 2°C/min, then to 250°C at 6°C/min, hold at 250°C for 5
min, then increased to 270°C at 5°C/min, and, finally, holding for 2 min at 270°C. The
temperature of the transfer line was set at 280°C. The mass spectrometer operated in
the electron ionization (El) mode at an ionization voltage of 70 eV in the mass range40-
550 amu and a manifold temperature of 270°C. All data were recorded using the
ChemStation software.

The identification of vanillin, syringaldehyde, furfural, and oak

lactone was made using their retention times and by comparing their mass spectra
with a spectral library of known standard com- pounds. For the quantification of these
compounds, external calibration curves were prepared from standards. The
quantification of the compounds was made in Full Scan. The GC peak area of each
compound was obtained from the ion extraction chromatogram by selecting target ions
for each one. For the malt distillate sample, only vanillin and syringaldehyde were
determined.

All the above determinations were carried out in triplicate. Data are reported as mean
values of these determinations.

Sensory testing

The aroma characteristics of non PEF-treated and PEF-treated malt were evaluated
by five panelists highly experienced in sensory analysis.

Statistical analysis

Statistical analysis for the standard deviation (SD) of the means andt test was carried
out with Excel 2013 (Microsoft, Redmond, WA, USA).
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RESULTS AND DISCUSSION

Extraction of volatile compounds from oak

The extractability of all the volatile compounds that were studied showed a behavior
which depended on the alcoholic volume of the solution (Figure 2). Among the non-
PEF-treated ethanol solutions (taking into consideration that the process time was the
same for all samples), an increase in the concentration of vanillin and syringaldehyde
extracted was observed as the alcoholic volume of the solutionincreased, with the 5%
(vol/vol) solution having the lowest concentrations and the 70% (vol/vol) solution having
the highest concentrations. This observation can be corroborated with the findings of
the extraction of polyphenols in the studies of Tao et al. (2014) and Karvela et al.
(2008). The above mentioned authors showed that high ethanol concentrations have
high extraction capacity and contribute to more rapid extraction of certain polyphenols
from oak wood chips. However, oak lactone showed to be affected to a smaller degree
while furfural showed no change in its extracted concentration (Figure 2).PEF treatment
showed an increase in the extraction of all compounds examined in 5%, 12%, and
50% (vol/vol) ethanol solutions. Specifically, these compounds showed an
augmenting rate of extraction as the alcoholic volume increased, apart from the
case of furfural, which showed a decrease but it was always higherin the PEF-treated
samples (Figure 2). In general, PEF showed the highest efficacy for the molecular
extraction of oak components, in 5% (vol/vol) ethanol solutions. Specifically, in the 5%
ethanol solution, all compounds showed an increase in the amount extracted in
comparison with that of the non-PEF-treated samples. Furfural, oak lactone, vanillin,
and syringaldehyde increased by 85%, 12%, 75%, and 371%, respectively, compared
with their non- PEF-treated samples. The respective increase of the compounds
mentioned above for the 12% (vol/vol) ethanol solution was 58%, 10%, 15%, and 51%
(for furfural, oak lactone, vanillin, and syringaldehyde, respectively). In the case of the
50% (vol/vol) solution, it was 2%, 7%, 35%, and 39%. It can be concluded that the
effectiveness of PEF in extracting oak compounds is influenced by the dielectric
constant of the medium and the polarity and structure of the molecule. An
independent one-tailed t test for all the compounds separately, in all the solutions
except 70%, was performed in order to evaluate the statistical difference of their
concentration with and without PEF treatment. The results gave p = .09 for vanillin, p =
.14 for syringaldehyde, p = .09 for furfural, and p = .05 for oak lactone. It was shown
that only for oak lactone therewas a significant and perceptible difference at a 5%
probability level. One more independent sample one-tailed t test was conducted, in
order to evaluate the statistically significant impact of PEF on the total analyzed
compounds, but the results gave a p =.22. Despite the fact of nonstatistical difference
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between samples with and without treatment, their high percentage difference is not
negated, in order to evaluate PEF treatment in a downstream process.

M Control
HPEF B Control
N PEF

- . 1
0.01
50% 70%

12% 50% 70% 5% 12%
12,00 7
0.60
1 M Control
10.00 M Control
1 W PEF

M PEF 0.55
8.00 7
6.00
4.00 B
2.00 7 X 4
0.00 - .30

5% 12% 50% 70% 50% 70%

FI G URE 2 Comparative concentrations (mg/L) of untreated and pulsed electric field (PEF)-treated (5 kV/cm) aqueous ethanol solutions
(5%, 12%, 50%, and 70% vol/vol) for vanillin, syringaldehyde, oak lactone, and furfural. Data represent the mean values of three replicates
with error bars (standard deviation)

On the contrary, a significant difference was observed for vanillin, syringaldehyde, and
oak lactone in the 70% (vol/vol) ethanol solutions. Specifically, lower extraction of the
compounds was observed compared with their non-PEF-treated solutions. This
outcome is coherent to Barbosa-Canovas and Bermudez-Aguirre (2010) and Siemer et
al. (2014) who stated that the effectiveness of PEF is degraded, when a medium with
high conductivity is being treated, due to the demoted electric field being generated
across the treatment chamber. Conversely to the above-mentioned statement, furfural
showed a 16% increase compared with its non-PEF-treated solution. Among the
compounds, regardless of the alcoholic volume, oak lactone seemed to be affected the
least when PEF was applied. Therefore, PEF does not seem to contribute in any
significant way tothe release of oak lactones from oak wood chips.

Volatile compounds of Agiorgitiko red wine
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Concerning the PEF treatment of wine, two different voltages and pulse durations were
applied in order to find the best combination for the extraction of oak wood compounds.
As shown in Figure 3,the lower voltage (1.2 kV/cm) and the long pulse duration (5 s)
generated the best results. Specifically, when the treatment conditions were set at E =
1.2 kV/cm and t = 5 s, there was an increase inthe vanillin, syringaldehyde, furfural,
and oak lactone concentration by 60%, 18%, 22%, and 83%, respectively. When an E
=5 kV/cm and t = 0.002 s were used, an increase in the extraction of all volatile
compounds also appeared, apart from the case of oak lactone which remained at the
same concentration. The other two conditions tested (E = 5 kV/cm andt = 5§sand E =
1.2 kV/cm and t, = 0.002 s) showed an almost equal result on the percentage of
extraction of three of four volatiles (apart from the case of vanillin where the most
intense conditions extracted 11% more). As indicated previously, the efficacy of PEF
treatments depends on the cell size and homogeneity of the medium. Each grape
variety behaves differently in response to PEF treatment. In the case of Agiorgitiko red
wine, lower voltage and long pulse duration aremore appropriate.

Volatile compounds of malt and wine distillates

Differences in the extracted concentrations between the PEF- treated samples were
also observed in the malt distillate (treated with E = 5 kV/cm for 25 min [t = 5 s]) (Figure
4). In contrast to the control, which presented 0.6 mg/L of vanillin and 0.8 mg/L of
syringaldehyde, the PEF-treated malt presented a higher content of these volatiles
(28.6% and 101.4%, respectively). A similar phenomenon (concerning polyphenols this
time) was observed by Karvelaet al. (2008). The sensory evaluation of both control and
PEF-treated malt showed that the PEF-treated malt were similar to in barrel- aged
whiskey, having nuances of toasted oak. In wine distillate, 4-vinylguaiacol was detected
for first time, probably due to different wood composition. In malt distillate, cis-oak
lactone and trans-oak lactone were distinguished, a fact that proves that the effect of
PEF was positive to both isomers (Figure 5.

Previous studies using electric field showed similar results to those of the present work.
Specifically, Zhang et al. (2012, 2013) used electric field treatment (1 kV/cm applied
every 12 hr in 5-Loak barrels) in brandy and showed that the treatment enhancedthe
extraction of volatile compounds from oak barrels. Additionally, they observed that
electric field resulted in a 25% enhancement of vanillin after 150 days of treatment. As
for syringaldehyde, the enhancement after 90 days was 16.6% (Zhang et al., 2012).
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The PEF cell used during this study was actually a two-dielectric capacitor: one was the
alcoholic solution and the other was glass. Additionally, toasted wood chips were a
polymer with dielectric properties. Toasting of wood chips is the process of heating
wood to produce flavor compounds not present in raw wood. This procedure breaks
down the molecular structure of hemicellulose, lignin, and cellulose of wood creating
that way small molecules, the aromatic compounds (Jordao et al., 2006; Martinez-Gil et
al., 2018), with dielectric properties different from those of wood. These were attached
to the wood matrix with different forces (van der Waals or hydrogen intermolecular
bonds). When voltage was applied, an orientation of dielectrics (wood chips) in the lines
of the electric field took place, having as result the breakdown of intermolecular forces
and releasing these molecules into the alcoholic solution. Because the aromatic
molecules were dielectrics, they were also oriented in the direction of the field. The
medium (alcohol/water), which by its nature was suitable for the extraction of these
molecules, was rapidly enriched. When the electric circuit was open, there was no field
and the wood chips took a new position inside the field. However, when a new pulse

154



was (re)applied, again, a reorientation and extraction took place. Therefore, we believe
that this phenomenon was definitely the effect of the electric field and because the field
was not continuous and was applied by pulse, we claim a PEF effect.

CONCLUSIONS

This work was done as a preliminary investigation for our on-going research into the
application of PEF techniques for the extraction of aromatic compounds from oak wood
and the acceleration of both wine and malt distillate aging. During this study, the effect
of PEF in the extraction of certain volatile compounds from oak in aqueous ethanol
solution was determined. All compounds (vanillin, syringaldehyde, furfural, and oak
lactone) showed a behavior which depended on the alcoholic volume of the solution
when they were exposed to PEF. In the 5%, 12%, and 50% (vol/vol) ethanol solutions,
PEF treatment enhanced the extraction of the compounds compared with their
respectively nontreated samples. However, in the 70% (v/v) ethanol solution, PEF
resulted in a decreased extraction of compounds. Optimum efficacy of PEF was
observed in the 5% (vol/vol) solution, but the 12% and 50% (vol/vol) solutions showed
also very good results. The PEF treatment was also tested on Agiorgitiko red wine (E =
5 kV/icm [ti=0.002 sand ti=5s]and E = 1.2 kV/cm [t = 0.002 s and t = 5 s] all for 25-
min duration] and a malt distillate (E = 5 kV/cm, ti = 5 s). In the case of the red wine, the
lower voltage and a long pulse duration had the best results. Differences in the
extracted concentrations between the non-PEF- treated samples were observed in the
malt distillate. Its sensory evaluation showed that the PEF-treated malt distillate was
similar to an aged whiskey, having nuances of toasted oak. Thus, PEF could be
introduced in wine and whiskey industry as a novel technology for the acceleration of
aging. Therefore, PEF technology could replace the use of oak barrels for the aging of
alcoholic beverages and obviate the drawbacks of barrel use, such as inherent costs,
labor requirements, and time.
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ABSTRACT

The present study aimed to evaluate the pulsed electric field (PEF)-assisted extraction
of phytochemicals from Salvia officinalis L. leaves. The study parameters included a
PEF pulse duration of 10 or 100 ps for 30 min, using different “green” extraction
solvents: pure ethanol, pure water, and their mixtures at 25, 50, and 75% v/v
concentrations. The resulting extracts were evaluated against reference extracts
obtained without PEF. For estimation of the extraction efficiency, the content in total
polyphenols, individual polyphenols, and volatile compounds, as well as the resistance
to oxidation, were determined. The optimal PEF contribution on the total and individual
polyphenols, rosmarinic acid, extractability (up to 73.2% and 403.1% increase,
respectively) was obtained by 25% v/v aqueous ethanol solvent using a pulse duration
of 100 ys. PEF was proven to also affect the final concentration and composition of
volatile compounds of the extracts obtained.

Keywords: pulsed electric field; Salvia officinalis L. leaves; extraction optimization;
polyphenols; green extraction
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INTRODUCTION

Salvia officinalis L. (garden sage) is a Mediterranean native perennial, evergreen
aromatic subshrub, belonging to the family of Labiatae/Lamiaceae. The plant serves as
an aromatic agent (food flavoring, cosmetics industry) and a medicinal plant [1,2]. The
flowers, leaves, and stems are the main parts of pharmaceutical importance [1], with the
leaves being the most interesting both for the medicine and food industry. Salvia
officinalis L. leaves (SOLL) contain a vast phytochemical amount [3]. Sharma et al. [4]
reported 160 polyphenolic compounds including caffeic, rosmarinic acid, quercetin, and
other flavonoids and phenolic acids. Mono-, di- and tri-terpenes (1,8-cineol, carnosic
acid, carnosol, or ursolic acid) are also known to be contained in SOLL. The
composition varies depending on the locality, seasonality, extraction solvent, and
chosen extraction procedure [5].

For the production of SOLL extracts, several techniques have been thoroughly
investigated. These techniques include maceration, ultrasonic-assisted extraction,
microwave assisted extraction, supercritical fluid extraction, isolation of volatile
compounds, and Soxhlet extraction [6—-11]. However, the negative environmental impact
that accompanies reduced extraction selectivity and the thermal decomposition of
sensitive phytochemicals, as well as the high cost and energy demand of the above
technologies, reveals the need for greener technologies (more energy-efficient and
environmentally friendly) for the achievement of higher process efficiency [12].
Furthermore, the choice of dried instead of fresh leaves has recently met strong
opposition due to phytochemicals’ thermal decomposition or thermolabile compound
oxidative condensation during plant drying [13,14].

Pulsed electric field (PEF) is an emerging eco-extraction technique of biologically active
compounds (BACs). It is non-thermal with minimum energy requirements suitable for
green solvents. PEF technology complies with environmental requirements for
sustainable production systems [15]. The degree of the PEF’s efficiency in assisting the
extraction of intracellular solutes from fresh plant materials relies on achieving a
periodical pore formation to the lipid bilayer of the cell membrane, caused by the high
voltage of PEF application. Ideally, by applying minimum specific energy through PEF
application, electroporation occurs in such a way that components of interest inside the
cell migrate outside the cell (where the solvent carries them away in solution) resulting
in a mass transfer increase and, therefore, extraction yield improvement. The set of
PEF parameters that require fine-tuning to enhance the extraction degree for a specific
solid-liquid system include the strength of the electric field, the shape, width, and
frequency of the pulse, and the duration of the application [5].
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The most popular applications of PEFs include microorganism inactivation at high
specific energy input levels [16,17], plant material pretreatment for further downstream
processing at low to moderate specific energy input levels [18-24] or even the direct
extraction of plant material [25]. The first authors that attempted to use PEF technology
as the primary method for extraction were Brodelius et al. [26]. Even though, nowadays,
attention has accumulated in fine-tuning PEF technology as a primary standalone
extraction step for plant material BACs’ extraction depending on biomass properties,
composition, and degree of comminution, there is still limited knowledge and plenty of
room for discovery, innovation, and improvement on the plethora of plant materials and
compounds of specific interest.

The scope of this work included investigation into the effect of PEFs on the solid-liquid
static extraction of fresh SOLL using green solvents of gradual polarity, well-matched
with the phenolic compounds’ polarity spectrum (pure ethanol (EtOH), pure water
(H20), and their mixtures at 25, 50, and 75% v/v concentrations). The pulse duration
varied between two values under the same period and pulse type. The resulting extracts
were evaluated against reference extracts obtained without PEF. The evaluation of the
extraction efficiency was performed via determination of the content in total polyphenols
(Folin—Ciocalteu method), individual phenolics (high-performance  liquid
chromatography, HPLC), volatile compounds (headspace solid-phase microextraction
coupled to gas chromatography—mass spectrometry, HS-SPME/GC-MS) as well as
resistance to oxidation (differential scanning calorimetry, DSC).

The novelty of this work lies upon the use of a non-thermal and eco-friendly technology,
PEF, as the primary standalone extraction method for the extraction of Salvia officinalis
L. BACs (including the thermolabile compounds) in green solvents (pure water, pure
ethanol, and their mixtures), using fresh plant material instead of dried. The contribution
to the scientific area of interest lies in the lack of similar experimental research on Salvia
officinalis L.

Materials and Methods

Chemicals

The solvents used for chromatography were of HPLC grade. Formic acid (99%) and
acetonitrile were obtained from Carlo Erba Co. (Val de Reuil, France). Sodium
carbonate anhydrous (99%) and gallic acid monohydrate were from Penta Co. (Prague,
Czech Republic), while Luteolin-7-O-glucoside, caffeic acid, and rosmarinic acid were
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from Sigma-Aldrich Co. (St. Louis, MO, USA). Ethanol (99.8%) and Folin—Ciocalteu
reagent were acquired from Panreac Co. (Barcelona, Spain).

Plant Material, Handling and Sample Preparation

SOLL used in this study came from a single plant variety provided by a local green-
house in Karditsa Region—Greece (at 39°21'53" North and 21-56'21" East and altitude
of 105 m, according to Google Earth version 9.142.0.1, Google, Inc., Mountain View,
CA, USA). The experiments’ series took place within five days (from 07 until 11
December 2020). The average temperature ranged between 7 -C and 15 -C, and the
average relative humidity was 75%. The SOLL were delivered to the lab 5 min after their
collection, early in the morning of each experimental day, and processed immediately.

After separation from the branches, SOLL were washed with water to discard impurities
and then dried at ambient temperature (24 -C) using filter paper until no additional
moisture was present on the leaves’ surface. Before each extraction trial, the leaves
were pulverized (about 0.8 mm diameter) in a blender for 2 min, under identical shear
input and batch quantities to ensure homogeneity of the pulverization outcome and
minimum temperature rise. The latter resulted in high moisture content powders.

The selected solvent was added to the freshly cut SOLL immediately after grinding and
the mixture was subsequently poured into the PEF treatment chamber. In all extraction
runs, the raw material to solvent ratio was 1:3 (w/v), utilizing 16 g of SOLL and 48 mL of
solvent. After 30 min of extraction, the suspensions were separated by decanting from
the plant material, which was then discarded. The suspensions/extracts collected were
transferred in a suitable Falcon tube and subjected to clarification via centrifugation (at
10,000 g at ambient temperature for 10 min) for immediate analysis. An infrared
thermometer (GM300, Benetech, Shenzhen Jumaoyuan Science and Technology Co.,
Ltd., Shenzhen, China) was used to monitor the temperature of the treatment chamber
contents before and after each extraction. The temperature increments due to the
treatment never exceeded a AT of 1 -C.

Dry Matter Determination

Initially, an adequate amount of each sample batch of pulverized leaves were weighed
and subsequently dried at 85 -C until constant weight using an oven (Binder BD56, Bo-
hemia, NY, USA). The percentage of moisture and volatiles content was calculated as
Equation (1)

W, - W
%% Moisture and volatiles content = (Wsp = Wap) % 100 (1)

Wep
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where WBD is the weight (g) of pulverized leaves before drying and WAD is the weight
(g) of pulverized leaves after drying. The moisture and volatiles content of the leaves
was about 80% (w/w). The dry matter (g) determination for each sample was calculated
as Equation (2)

Dry matter = Ws — (Ws X %Moisture and volatiles content) (2)

where WS is the weight (g) of pulverized leaves without drying used as sample.
Pulsed Electric Field (PEF) Apparatus

An apparatus already presented by Pappas et al. [27] was utilized. In brief, a system
comprised of a high voltage power generator (maximum voltage up to 25 kV), a 25 MHz
function/arbitrary waveform generator, an electronic switch circuit (IGBTs), and a
rectangular treatment chamber made of stainless steel with dimensions: 10 cm x 10 cm
x 1 cm.

Extraction Parameters

The investigation boundaries incorporated the solvent used for extraction and the time
for PEF treatment. In particular, pulse duration was 10 us or 100 us while the pulse
period constant was 1000 us, resulting in an energy input of 0.155 kJ kg~' and 1.55 kJ
kg—-1, or 2.52x10% KWh and 2.52x10™° KWHh, respectively. Five solvents were used;
pure water, pure ethanol, and their mixtures at 25, 50, and 75% v/v concentrations. The
criteria for the choice of the solvents were bound to our desire to utilize the minimum
possible quantity of the green organic solvent (ethanol) in the aqueous mixture and our
hypothesis that PEF technology would be revealed as beneficial for the extraction of
BACs from fresh Salvia officinalis leaves using such a mixture. Reference samples were
prepared in the very same manner but without the use of PEF, for comparison
purposes. All extraction runs were performed in triplicates.

The electrical conductivity of solvents, the strength of the field, the treatment time, and
the energy contribution (kJ x kg™') determinations were measured as we have
previously described [27]. Both PEF and reference samples were extracted for 30 min.

Determination of Total Polyphenol Content

The Folin—Ciocalteu assay was carried out as we have previously described [28]. Each
sample was diluted to 1:50 (v/v) with deionized water. Next, 0.1 mL of each diluted
sample was mixed with 0.1 mL Folin—Ciocalteu reagent into a 1.5 mL Eppendorf tube
and was allowed to react for 2 min before the addition of 0.8 mL sodium carbonate (5%
w/v). After 20 min of incubation in a water bath at 40 -C, the absorbance was obtained
at 740 nm. The total polyphenol yield (YTP) was determined as mg of gallic acid
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equivalents/g of dry weight (dw) (mg GAE g-1 dw) and based on a gallic acid calibration
curve (10-80 mg L-1). A Shimadzu spectrophotometer (UV-1700, Shimadzu Europa
GmbH, Duisburg, Germany) was used for the determinations.

HPLC

The method was adapted from Kaltsa et al. [29]. In brief, a Shimadzu liquid
Chromatograph (CBM-20A) and a Shimadzu detector (SPD-M20A) were used. A
Phenomenex Luna C18(2) (100 A, 5 um, 4.6 250 mm) (Phenomenex, Inc., Torrance,
CA, USA) retained at 40 -C, a flow rate was 1 mL min-1, and an injection volume 20 L
were used. The mobile phases and the elution program used have been described
previously [29]. Quan- tification calibration curves were prepared using three points (O,
10, and 50 mg mL-1), for caffeic acid (quantified at 320 nm, y = 0.000009x + 0.8755,
R2 = 0.9986), rosmarinic acid (at 320 nm, y = 0.00002x + 0.3334, R2 = 0.9998), and
luteolin-7-O-glucoside (at 345 nm, y = 0.00002x + 1.0794, R2 = 0.9980). The estimation
of the total area was carried out at 245 nm and 350 nm.

Differential Scanning Calorimetry (DSC)

The DSC method used was adapted from Pappas et al. [27]. A Perkin Elmer Diamond
DSC (PerkinElmer Inc, Shelton, CT, USA) was used. The antioxidant activity was
determined using oxygen as the purge gas. The temperature program was as follows:
hold at 40 -C for 1 min, heat from 40 to 200 -C (40 -C/min), and then heat from 20 to
580 -C (20 -C/min). The starting temperature of oxidation is the onset temperature of
the oxidation peak (Tmax).

Volatile Compounds Analysis

The technique (HS-SPME/GC-MS) used was a modification of the method described by
Hjelmeland et al. [30]. An SPME fiber coated with a layer of divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) (Supelco, Bellefonte, PA, USA), preconditioned
for 30 min at 270 -C, was used. For HS-SPME extraction, 10 mL of the sample extract
was placed in a 100 mL glass vial; 3 g of NaCl was added and sealed. The vial was
kept at 40 -C during a 60 min period (10 min for equilibration + 50 min for extraction).

The analysis with GC-MS was carried out according to a modified method described by
Hjelmeland et al. [30]. An Agilent Technologies (California, USA) Gas Chromatograph
model 7890A equipped with a mass detector (5975C), and a capillary column Agilent
J&W DB-1 (30 m 320 um 0.25 ym) (California, CA, USA) were used. Helium was

used as carrier gas at a flow rate of 1.5 mL min—1. The injector was operated in splitless
mode at 240 -C. The temperature program was: 40 -C for 5 min, increased to 140 -C by
2 °C/min, and, finally, heated to 240 -C by 10 °C/min. Volatile compounds were
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identified by comparing their mass spectra with data from the integrated NIST 11 library
(National Institute of Standards and Technology, Gaithersburg, MD, USA). The peaks
were assigned when the similarity was above 80% and the component percentages
were calculated as mean values from duplicate GC-MS analysis.

Statistical Analysis

All extraction series and spectrophotometric measurements were executed in triplicate.
Microsoft Excel 2019 (Redmond, WA, USA) software was used for the statistical
analysis of the results. ANOVA was used for the determination of the statistical
significance (at p < 0.05) between mean values.

RESULTS AND DISCUSSION

PEF applies millisecond or even microsecond long pulses of various voltages
depending on the purpose of its application [31]. It was found that the higher increase of
mass transfer rate was achieved by applying a PEF of 0.7-3.0 kV cm-1 and energy
input of 1.0-20.0 kJ kg—1. During this study, we attempted to develop a PEF-assisted
SOLL polyphenol extraction method under the scope of a green and sustainable
standalone process. Moderate electric field intensity of 1 kV cm—1 and short pulses of
10 and 100 ps in a total processing time of 30 min were applied, while mixtures of
EtOH-H20 in five different ratios were tested as extraction solvents. In particular, the
gradual addition of ethanol to water (25% step gradient) was evaluated to determine
whether the PEF effect could offset the increased recovery usually achieved using polar
organic solvents in relation to water. EtOH and other polar organic solvents possess a
good solubility and, thus, extractability for bioactive phytochemicals, but they must be
removed after the end of the treatment, increasing the cost of the whole process. A
possible reduction in the need for EtOH when using PEF can result in financial and
environmental benefits. To the best of our knowledge, reported studies of SOLL
extraction using PEF technology and aqueous organic solvents do not exist in the
literature.

Total Phenol Content

According to the results, the highest percentage increase in total phenol (YTP) between
PEF and reference extracts was shown by the 25% EtOH solvent, after PEF with 100 s
pulse duration. The 75% EtOH and 100% EtOH solvents also showed significant
increases, while pure water and 50% EtOH led to lower increases.
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In detail, regarding the pulse duration of 10 pys (Figure 1), the highest percentage
increase in YTP between PEF and the reference sample obtained with the 25% EtOH
solvent, was 59.00% (significant at p < 0.05). Specifically, YTP for the PEF sample was
21.76 mg GAE g-1 dw, while for the reference sample it was 13.68 GAE g-1 dw. The
75% EtOH and 100% EtOH solvents showed significant (p < 0.05) increases of 40.48%
and 42.18%, respectively. The lowest increases presented with pure water and 50%
EtOH were 15.65% and 14.00%, respectively. In these cases, PEF treated and
reference samples showed no significant differences.

The results of PEF treatment with a pulse duration of 100 ys are presented in Figure 2.
The highest (significant at p < 0.05) percentage increase between PEF and the
reference sample was achieved again with the 25% EtOH solvent (73.23%), and it was
much higher (~24%) compared to that of the pulse duration of 10 pys. In addition, there
were slightly higher increases concerning pure water and 50% EtOH (14.40% and
16.97%, respectively). Although the highest percentage increases in YTP between PEF
and reference extracts,

for both pulse durations, were achieved with the addition of only 25% EtOH, the highest
extraction rate was observed for the PEF-treated samples using 75% EtOH as solvent
(Figures 1 and 2). It seems the use of the PEF replenished part of the losses in the
extraction rate when a solvent with low concentration of EtOH was used. Additionally, it
was shown that longer-duration pulses appeared to deliver higher efficiency regarding
the content in SOLL total polyphenols.

Differential Scanning Calorimetry (DSC)

As indicated by Batra et al. [32], this technique can determine the changes in the
different physicochemical properties of compounds, which are shown by changes in the
heat flow, and therefore, the oxidative stability of a sample can be evaluated through
this technique [27]. DSC is the most widely used analytical technique for studies of
physical characteristics and thermo-oxidative degradation of fats and oils, as well as
their mixtures with herbal plant extracts, according to Koztowska and Gruczyn’ska [33].

According to the results (Table 1), the maximum peak oxidation (Tmax) was 487 -C.The
samples that produced this result (the highest antioxidant activity) were those with 75%
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ethanol were found to have the highest content in total polyphenols. The highest

difference in the resistance to

oxidation between PEF and reference extracts,

expressed by the increase in oxidation temperature (significant at p < 0.05), was
presented in the extracts produced with 25% EtOH. PEF extracts treated with 100 us
(25% EtOH) reached an average increase in oxidation temperature of 61.5% (in relation
to reference extracts), while PEF extracts treated with a pulse duration of 10 ps reached
a corresponding increase of 53.8%.
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Table 1. Oxidation temperature (Tmax) of the various samples during DSC determination.

Extraction Solvent PEF Pulse Tmax (C) of PEF Tmax ((C) of Increase
Synthesis Duration (ps) Treated Extract Reference Extract (%)
. 10 237+ 31 203 49 16.7
0% EtOH 100 221 2 8.9
10 280 £ 3 53.8
25% EtOH 100 294 & 3 182 £3 615
10 350 £2 12.2
50% EtOH 100 362 £ 4 312 x5 16.0
10 487 £ 7 25.8
75% EtOH 100 167 £ 8 387 £8 19.4
10 294 =6 14.4

o =

100% EtOH 100 310 £ 7 257 =7 20.6

! Values are means of triplicate determinations + Standard deviation.

Volatile Compounds (VCs) Analysis

The results are shown in Table 2. The analysis was carried out only for the samples of
25% EtOH treated with PEF at 100 us, which displayed the highest percentage increase
in YTP and oxidation temperature between PEF and the reference extracts. The peak
area obtained by HS-SPME/GC-MS was used to semi-quantify the concentration of
different VCs.

Due to the large number of synonyms available, matching compounds by name tags
was difficult, as was an accurate and thorough search using chemical IDs (e.g., CAS
numbers). The identify compounds show strong MS similarity with library entries,
without further information available.

The main components of SOLL previously identified were a- and B-thujone [34], a- and
B-pinene, camphor and a-humulene [35], and 1,8-cineole, B-caryophyllene, camphene,
myrcene, y-terpinene, and p-cymene [36,37]. In our study, the principal VCs identified
were eucalyptol, B-thujone, D- and L-camphor, 2-bornanol, borneol (endo-borneol), and
L-borneol. These main compounds were identified in PEF-treated and reference
extracts at about the same total percentage (65.51% and 67.58%, respectively).
However, important differences appeared in the percentage of each of the above VCs
between the differently treated samples. Specifically, D-camphor, borneol, and L-
borneol showed an increase in PEF-treated extract, while eucalyptol, B-thujone, L-
camphor, and 2-bornanol decreased. Differences also appeared in many other
compounds (Table 2). Additionally, some compounds (p-cymen-8-ol, ( )-trans-
pinocarveol, piperitenone, a-santalene, calarene, (+)-epizonarene, (+)-longifolene and (
)-y-cadinene) appeared only in the PEF treated extract. The compounds p-cymen-8-ol
and ( )-y-cadinene were previously identified in S. officinalis L. leaves extracted by
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supercritical CO2 [38] or distillation—extraction [37]. Calarene and ( )-trans-pinocarveol
were also previously reported [39,40].

The above results indicate that PEF effects can influence the aroma of SOLL extracts.
Another study in line with the above conclusion is that of Sotelo et al. [41]. These
authors studied the result of PEF technique on the flavor profile of red-fleshed sweet
cherries and concluded that PEF-treated extracts produced higher amounts of volatile
compounds that characterize the flavor, and that no adverse compounds appeared
because low energy intensities were applied.

Table 2. Percentage of volatile compounds determined in Salvia officinalis L. extracts (in 25% EtOH) by HS-SPME/GC-MS.

Compound RT!? (min) Reference P'Eét')l'(;rﬁast)ed Compound RT (min) Reference PE&E"]I“]r;it)ed
trans, trans-2,4-Hexadienal 7.798 0.17 0.33 Piperitenone 34.651 nd 0.09
Benzaldehyde 9.907 0.05 Nd ¢ Eugenol 36.322 0.02 0.06
Sabinene 12.190 0.03 nd 3-Carene 36.648 0.02 nd
1-Octen-3-ol 12.548 0.31 nd ®-Cubebene 37.305 0.12 0.10
B-Pinene 13.570 0.18 nd L-Borneol acetate 38.244 0.04 nd
o-Terpinene 14.918 0.04 0.16 p-Cubebene 39.580 0.04 0.03
p-Cymene 15.099 0.16 0.30 0-Cubebene 39.980 0.01 nd
Eucalyptol 15.777 10.67° 3.357 o-Gurjunene 40.753 0.09 nd
Y-Terpinene 17.686 0.30 0.23 Caryophyllene 41.089 0.56 0.06
trans-4-Thujanol 18.130 0.41 0.31 Aromandendrene 42.257 0.07 nd
p-Cymenene 19.233 0.07 0.06 b-Cadinene 42.895 0.03 0.06
2-Carene 19.621 0.11 nd Humulene 43.034 0.11 nd
®-Thujone 20.110 3.02 1.44 B-Copaene 43577 0.04 0.04
B-Thujone 21.139 11.07 4.10 d-Cadinene 44452 0.02 nd
D-Camphor 22.397 16.05 19.82 Germacrene D 44641 0.15 0.21
DL-Camphor 22.437 1.38 nd Y-Cadinene 44952 0.08 0.07
L-Camphor 22611 8.23 nd -Cadinene 45.147 0.07 0.17
Camphene 22.689 0.47 nd 0-Elemene 45574 0.07 nd
L-Camphene 23.100 0.71 nd Epizonarene 45.669 0.08 0.13
D-Pinocamphone 23.388 0.07 nd o-Muurolene 46.088 0.10 0.18
[soborneol 23.666 0.17 nd Y-Muureclene 46.665 0.19 0.22
2-Bornanol 24.350 7.00 2.33 cis-Calamenene 46.822 0.07 0.06
Borneol 24.522 3.91 9.56 Y-Elemene 47.050 0.74 1.26
L-Borneol 24.898 10.65 26.35 o-Santalene 47.216 nd 0.81
Borneol 24.970 3.43 nd &-Cadinene 47.413 0.30 0.41
p-Cymen-8-ol * 25.325 nd 0.17 1,4-Cadinadiene 47.774 0.03 nd
Terpinen-4-ol 25.426 1.21 1.55 ol-Calacorene 47.890 0.03 nd
4-Carene 25.787 0.15 0.20 (-)-0-Cadinene 48.106 0.02 0.06
-Terpineol 26.177 0.57 1.44 Espatulenol 49.771 0.07 0.12
Myrtenol 26.569 0.20 0.52 Caryophyllene oxide 49.928 0.18 0.11
(-)-trans-Pinocarveol 26.669 nd 0.10 Diethyl phthalate 50.049 0.10 0.08
cis-Carveol 27.927 0.05 0.10 (+)-Y-Gurjunene 50.714 0.38 0.36
cis-3-Hexenyl valerate 29.787 0.07 nd -Guaiene 51.309 0.07 nd
trans-2-Hexenyl valerate 30.328 0.05 nd Calarene 53.430 nd 0.19
N-Ocimene 30.871 0.07 0.22 (+)-Epizonarene 53.683 nd 0.04
6-Oxocamphor 31.162 0.17 0.55 B-Guaiene 53.714 0.05 nd
Bornyl acetate 32.491 1.65 0.43 Alloaromadendrene 54477 0.04 nd
Sabinyl acetate 32.980 0.21 0.07 (+)-Longifolene 54716 nd 0.04
Thymol 33.322 0.11 0.23 (-)-y-Cadinene 56.080 nd 0.51
Carvacrol 33.789 0.42 0.39 (-)-®-Amorphene 56.134 0.41 nd

Reference extract Total = 87.97% PEF treated extract Total = 79.80%

L RT: Retention Time; ® nd: (m/x) spectra were not detected; ® Blue and green colors denote the highest concentration of compounds; * Red
color denotes compounds identified only in PEF treated samples.

Extracts’ Characterization by HPLC

Evaluation of PEF Effects Based on Extracts’ Total Area
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Following the results regarding the estimation of YTP and oxidation temperature, the
maximum percentage increase in total area between the PEF and reference extracts
was reached by using 25% EtOH for both pulse durations. In particular, for pulse
duration 10 pus, the increase was 72.83%, while for 100 us it was 78.72%, both
significant at p < 0.05 (see Figures S1 and S2, respectively, in Supplementary
Materials). For pure water, there were minor changes (not significant—p > 0.05). In the
case of 50% EtOH, significant increases (p < 0.05) of 19.42% for 10 ys and 13.44% for
100 us appeared. Further addition of EtOH (75%) increased the percentage difference,
in the case of the 10 ys pulse duration reaching a greater increase (significant at p <
0.05) in total areas than that of 100 ps (72.72% versus 25.46%, respectively). Finally, at
100% EtOH (pure EtOH), a significant increase in PEF- treated samples took place. The
percentages were 52.73% versus 36.33% for 10 ys and 100 ps, respectively. It is worth
mentioning at this point that there seems to be a clear trend indicating a gradual rise in
the extraction yield when increasing the ethanol solvent content from 0% up to 75%
EtOH, after which a drop takes place resulting in lower yields when pure ethanol was
used.

Polyphenolic Composition

For the estimation of PEF effects in the polyphenolic profile of SOLL, extracts in the
optimum EtOH-H20 ratio (25% EtOH) were selected. The main compounds of SOLL
found in this work are in line with previous findings [42,43]. As can be seen from the
chromatogram of 25% EtOH and 100 ys PEF extract at 320 nm (Figure S3 in
Supplementary Materials), four main compounds were identified that belong to the
group of phenyl- propanoids and flavones’ derivatives. Peak 1 was identified as caffeic
acid and peak 4 as rosmarinic acid. The identification was based on the retention time
(Figure S3 in Supple- mentary Materials) and absorption spectrum of the compounds
and the corresponding reference substances. From our previous works, peaks 2 and 3
were identified as 6-hydroxy luteolin 7-O-glucoside [29] and luteolin 7-O-glucuronide
[44], respectively. The amounts of the identified compounds, achieved in the extracts of
reference samples processed with 25% EtOH, were 0.76 mg g-1 dw for 6-hydroxy
luteolin 7-O-glucoside, 1.04 mg g—1 dw for luteolin 7-O-glucuronide, 0.17 mg g—1 dw for
caffeic acid, and 0.37 mg g—1 dw for rosmarinic acid.

Quantification of the main identified components of SOLL was carried out in PEF
extracts processed with the optimum EtOH-H20 ratio (25% EtOH) for both 100 ys and
10 ps pulse duration. The corresponding results prove the influence of PEF treatment
(Table 3, Figure 3). As indicated by the estimation of YTP, HPLC total area and
oxidation temperature, the best performance in the extraction of identified phenolics was
achieved by the pulses of 100 ps.
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Table 3. Major compounds (mg g~! dw) of Salvia officinalis L. PEF treated (pulse duration of 100 ps) and reference extracts,

all prepared with 25% ethanol.

PEF Pulse Duration Compound PEF Treated Extract Reference Extract Increase (%)

Caffeic acid 024 =0.04! 0.17 £0.04 41.76

100 s 6-Hydroxy luteolin 7-O-glucoside 2 1.14 +£0.28 0.76 £0.28 49.78
Luteolin 7-O-glucuronide 2 201 £0.32 1.04 =024 93.49

Rosmarinic acid 1.85 £ 0.82 0.37 £0.35 403.12

Caffeic acid 0.25 = 0.04 0.17 £ 0.04 47.37

10 ys 6-Hydroxy luteolin 7-O-glucoside 2 0.85 = 0.07 0.76 =0.28 1149
Luteolin 7-O-glucuronide 2 1.75 £ 0.35 1.04 =024 68.01
Rosmarinic acid 167 £1.01 037 =035 354.61

! Values are means of triplicate determinationstStandard deviation; ? 6-hydroxy luteolin 7-O-glucoside and luteolin 7-O-glucuronide
were quantified as Luteolin 7-O-glucoside.
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Figure 3. Overlay of chromatograms of PEF-treated and reference extracts at 320 nm with pulse duration 100 ps and

extraction solvent 25% EtOH. Peak 1: Caffeic acid; Peak 2: 6-Hydroxy-luteolin-7-O-glucoside; Peak 3: Luteolin 7-O-
glucuronide; Peak 4: Rosmarinic acid. Reference extract obtained without the application of PEF.

Specifically, extraction was enhanced for all examined compounds rising to a 403.12%
increase for the 100 ps pulses and up to 354.61% for the 10 ys pulses. This remarkable
and significant (p < 0.05) increase was shown for rosmarinic acid, achieving 1.85 mg
g—1 dw in the optimum sample/extract (25% EtOH, 100 us). It is well known that beyond
the solvents and the extraction method chosen, the seasonality and the locality of a
plant rule also the type and the levels of the components detected in plant extracts [5].
However, it is worth mentioning at this point that the above quantity of rosmarinic acid
(1.85 mg g-1 dw achieved in the optimum extract) is significantly higher than the
amount (0.45 mg g-1 dw) achieved by Bljajic et al. [45] using water ultrasound
extraction for 30 min at high temperature (80 -C) and a higher liquid to solid ratio (10:1
mL g-1). For caffeic acid and 6-hydroxy- luteolin-7-O-glucoside, the significant (p <
0.05) increases for 100 ps pulses, reached 41.76% and 49.78%, respectively. An
almost double increase, 93.49% (significant at p < 0.05), was reached for luteolin 7-O-
glucuronide. It is obvious that both pulse durations succeeded in a permeabilization
effect on the membranes and affected the extraction percentage of intracellular
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compounds from the cells. The big variance in percentage increases between the main
compounds, for the same extraction conditions (Table 3, Figure 4), indicates the
potential selectivity of this extraction method, a very important fact considering that the
achievement of selective extraction is usually a tedious, time and energy consuming
procedure. The main factors that possibly assist this selectivity are the molecular size
and structure, the differences in cell membrane disintegration (such as pore size), the
solubility of the extracted components, and the solvent's polarity [31,46]. The
differentiation of PEF processing parameters, as supported by the literature, also seem
to support extraction selectivity. For 6-hydroxy luteolin 7-O-glucoside, in our study, the
change in the pulse duration from 10 to 100 ps was followed by a higher increase in the
levels of the metabolite, in comparison to the increase obtained for the three other
identified metabolites (Table 3, Figure 4). A similar effect was observed during another
study performed by our team regarding enhanced polyphenol extraction from olive
leaves using PEF [27]. As in the current study, the effect of different duration pulses, 10
and 100 ps, was tested. The amounts of obtained metabolites varied depending on the
applied pulse duration. Pulses of 100 ps favored oleuropein recovery, while 10 ys
pulses favored the recovery of phenolic glucosides. Thus, the application of different
PEF conditions (such as pulse duration of 10 or 100 ps) changes the extraction rate of
each molecule promoting the selective extraction of various constituents from the SOLL.

In our work, PEF proved to be a green and effective extraction method. Although the
comparison with other techniques cannot be direct because, as mentioned above, the
levels of metabolites in each plant depend on both the seasonality and the origin of the
plant, the proposed extraction technique can be characterized as efficient, since basic
metabolites, identified in this particular study, appear to have been satisfactorily
recovered [45]. The developed method can also be considered a green extraction
technique because the optimal recovery of metabolites (between PEF- and not PEF-
treated samples) was achieved in a low liquid-to-solid ratio (easier solvent removal),
with only 25% addition of non-toxic organic solvent, low energy supply, and ambient
temperature.

The results showed that PEF boosted the performance of SOLL extraction, revealing
new targets for further improvement and insight into this technique. Further work,
including process optimization (fine-tuning of important PEF parameters (i.e., number of
pulses, etc.), is strongly advisable towards maximizing polyphenol concentration and
extraction selectivity. The analysis of the role of solvent polarity in conjunction with PEF
should be also evaluated.
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Figure 4. Comparison of the effect (% increase) of different pulse time durations on the extraction of individual phenolics in
the same ethanol/water ratio (25% EtOH).

CONCLUSIONS

This work is one of the very few studies that deal with PEF technique (a non-thermal
and eco-friendly technology) as the primary standalone extraction step for freshly cut
plant material BACs (including the thermolabile compounds) in green solvents. Even
though BACs’ extraction depends on biomass properties, availability, composition, and
degree of comminution, our findings for the specific plant material (Salvia officinalis L.)
and solvent choice (ethanol, water, and their mixtures) revealed a substantial rise in the
polyphenol concentration of the obtained extracts using different PEF conditions. The
optimal detected PEF contribution, on the total polyphenol extractability (73.23%
increase) and constituents of interest (up to 403.12% increase for specific metabolites)
was presented by the 25% v/v aqueous ethanol solvent choice using a pulse of 100 us
for a 30 min extraction duration. The results were verified by the differential scanning
calorimetry method, confirming our research target and initial hypothesis of achieving
increased levels of extraction rate for the adding value components of the specific fresh
plant material utilizing an aqueous green organic solvent with the minimum possible
organic solvent content. PEF was proven to affect the final concentration and the
composition of VCs in the extracts.
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Despite the static nature of the specific extraction technique used in this study, which
could be problematic for industrial applications (industries are favored by continuous
production procedures), the above results denote that the PEF technique offers
excellent potential for green selective extraction of biofunctional compounds from Salvia
officinalis L. leaves. These compounds can serve in the preparation of high-quality
functional foods or cosmetics.

Supplementary Materials: The following are available online at
https://www.mdpi.com/article/10.3390/foods10092014/s1, Figure S1: HPLC total area
for PEF and Reference extracts in five different tested solvents and a pulse duration of
10 ps, Figure S2: HPLC total area for PEF and Reference extracts in five different
tested solvents and a pulse duration of 100 ys, Figure S3: Overlay of chromatograms of
extract and reference compounds at 320 nm after PEF with pulse duration 100 ys and
extraction solvent 25% EtOH. Peak 1: Caffeic acid; Peak 2: 6-Hydroxy-luteolin-7-O-
glucoside; Peak 3: Luteolin 7-O-glucuronide; Peak 4: Rosmarinic acid.
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ABSTRACT

Wood-related procedures, such as lumberjacking and pruning, inevitably result in big
piles of leaves, which are considered a major by-product. Extracting valuable
compounds from natural by-products is an ongoing trend. In this work, the use of Pulsed
Electric Field (PEF) was evaluated as a pretreatment step, prior to the ultrasound-
assisted extraction of phenolic compounds from Aesculus carnea leaves. In addition,
various solvent systems were examined, as well as the time of pretreatment with PEF.
According to the results, up to 33% more phenolic compounds can be extracted, under
optimum conditions (30% ethanol in water as solvent and PEF pretreatment for 30 min,
compared to the same solvent, without PEF). Moreover, PEF treatment time was not
(i.,e., 30 and 60 min) and no differences were recorded, suggesting that a lower
treatment time can yield the same extraction of phenolic compounds. As such, the use
of PEF is highly recommended in combination with ultrasound extraction, to maximize
the yield of phenolic compounds extracted from the leaves of Aesculus carnea.

INTRODUCTION
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Aesculus x carnea (Family: Sapindaceae, species: Aesculus carnea, Hayne) commonly
known as European horse chestnut is a large tree native to the Balkans forests of
Europe. It can grow up to 40 m and it has long leaves around 15-30 cm. It is known that
its leaves are a rich source of phenolics [1,2]. It was not until recently that studies have
showcased that compounds found in Aesculus spp. exhibit even more benefits than
initially believed [2]. Polyphenolic compounds derive naturally, as a result of the plant
metabolism and more specifically from the acetate pathway or the shikimate pathway
[1]. Polyphenolics can have a wide variety of chemical structures (and therefore, size,
weight etc.), and can be composed of different monomer units [3]. As regards the
monomer units of the polyphenolic compounds, there is a wide variety of monomers,
resulting in an even bigger variety of polymer structures [4]. Despite the fact that
polyphenolic compounds can be found free in plant tissues, usually, polyphenolic
conjugates with other compounds can be found. For instance, carbohydrate sugars are
one such class of compounds that usually forms conjugates with polyphenolics.
Conjugation is achieved mainly via the hydroxyl group of the polyphenolic compound
that usually binds to the sugar residues naturally present in the plant. Such compounds
can vary in chain length and composition. However, glucose is most often conjugated
with polyphenolics due to its prevalence in plant physiology. While plant sugar residues
can bind to any of the compound’s aromatic carbons, this is not the most common form
of attachment [4,5]. One important sub-class of polyphenolic compounds is flavonols.
They are a well-known group of compounds with

pronounced antioxidant and ultraviolet light absorption properties [6]. Moreover,
recently, their anticancer activity was also highlighted [7].

Up to now, many techniques have been employed to extract bioactive compounds from
plants. However, there is still an increased interest in developing new, advanced
procedures, to overcome the disadvantages of the existing techniques. One such new
technique is the pulsed electric field (PEF). PEF is a green technique, relatively new
that can be used to enhance the extraction processes [8]. It has been proven that by
using PEF in the extraction process the total amount of specific compounds, especially
polyphenols, can be increased [9,10]. The PEF typically is used before the main
extraction step, as pre-treatment. Typically, short-duration pulses between (100 ns—1
ms) are used with a voltage between 1 kV and 3 kV [11]. So far, PEF has been used for
the enhancement of the extraction of polyphenolics from citrus fruits [12], potato peels
[13], Sideritis plants [14], rapeseed stems [13], etc. However, there were reported cases
where the use of PEF did not increase the total polyphenol content (TPC) of other
plants, such as Thymus serpyllum [15]. Therefore, its benefits should not be taken for
granted, and further exploited on specific cases.

This work aims to examine the combinatorial effect of PEF (used as a pre-treatment
step) along with ultrasound on the extraction of the phenolic compounds from A. carnea.
The extraction was carried out using a simple, ultrasound-assisted procedure. Various
solvent systems and PEF treatment times were examined prior ultrasound treatment, so
as to examine whether the use of PEF is beneficial for polyphenol extraction.
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MATERIALS AND METHODS

Chemicals

Absolut ethanol, acetonitrile and formic acid were obtained from Carlo Erba (Val de
Reuil, France). Glycerol anhydrous, gallic acid monohydrate and anhydrous sodium
carbonate (>99%) were purchased from Penta (Prague, Czech Republic). Folin—
Ciocalteu reagent was obtained from Panreac (Barcelona, Spain). Chemical standards
for the HPLC- based determination of polyphenols (i.e., neochlorogenic acid,
kaempferol 3-O-B-rutinoside, kaempferol 3-glucoside, quercetin 3-O-galactoside,
quercetin and kaempferol) and polypropy- lene glycol were purchased from Sigma-
Aldrich (Steinheim, Germany). A deionizing column was utilized to create the deionized
water that was used in the experiments. All the chromatography solvents utilized were
HPLC grade.

Plant Material Preparation and Extraction

Fresh leaves from a 20 year old A. carnea tree were collected in Afidnes area (Attica,
Greece, at according to Google Earth version 7.3.2.5776 Latitude: 38.181001 and
Longitude: 23.849508) (the moisture of the leaves was calculated to be 753%). Then,
the leaves were washed thoroughly with deionized water and dried with paper towels.
Next, 10 g of the leaves were cut into smaller pieces (<1 cm). Half of the leaves (5 g)
were placed in the PEF treatment chamber, while the remaining quantity was left in the
beaker (control sample). After 60 min, the PEF-treated leaves were removed from the
chamber and placed in a glass beaker. Similarly, the non-PEF-treated leaves were also
placed in a similar glass beaker. In both cases, 50 mL of an appropriate solvent was
added [the solvents examined were: (I) deionized water, (lI) 30% ethanol in water, (lII)
30% glycerol in water and (IV) 30% polypropylene glycol in water]. The solid-to-liquid
ratio employed herein resulted from our preliminary experiments, exhibiting a 18%
increase compared to 1:5 ratio and 27% compared to 1:1 ratio. Next, the beakers were
placed in an ultrasonic bath for 15 min. Then, the samples were centrifuged at 4000 rpm
for 5 min and filtered using 0.45 um filter papers. The same procedure was followed to
determine the effect of PEF treatment time, by altering the treatment time (30 min or 60
min). In this case, the solvent used for ultrasound- assisted extraction was 30% ethanol
in water. Finally, the extracts were injected into the HPLC system and further analyzed.
Instrumentation

The PEF instrument used is given in detail in our previous studies [14]. Briefly, the
system consisted of a high-voltage current generator (Leybold, LD Didactic GmbH,
Hurth, Germany), a digital oscilloscope, a function/arbitrary waveform generator, and
two stainless steel plates (10 cm long, 10 cm high) with 1 cm Teflon between them, for
insulation. The pulse duration used to process the sample was 1 us, the pulse
frequency was 1 Hz, the electric field strength was 1 kV cm-1, the waveform was a
typical square wave, and the maximum delay was less than 20 ns. PEF parameters
were selected based on our previous studies [10,13]. Ultrasound treatment of the
samples was carried out in a Transonic 570/H (ELMA) unit, with a frequency of 35 kHz,
and a high-frequency peak of 320 W.
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The HPLC system used in this study was a Shimadzu CBM-20A liquid chromatograph
(Shimadzu Europa GmbH, Duisburg, Germany), connected to a diode array detector
(Shimadzu SPD-M20A). A Phenomenex Luna C18 column (5 ym, 4.6 mm 250 mm)
(Phenomenex Inc., Torrance, CA, USA) was used as a stationary phase. The column
was thermostated at 40 -C, during separation. The mobile phase consisted of (A) water
containing 0.5% v/v formic acid and (B) a mixture of acetonitrile: water (60:40)
containing 0.5% v/v formic acid. The gradient program was as follows: 5% B to 40% B
in 40 min, then to 50% B in 10 min, and finally to 70% B in 10 min and kept constant for
10 more minutes. The flow rate was set at 1 mL min-1. The total program run time was
70 min. The injection volume was 20 yL and injections were made using a rheodyne
injector. Spectra were recorded between 220 and 360 nm. lIdentification of the
compounds was carried out by comparing the retention time with that of standard
compounds, as well as the absorbance spectra. For the quantification of the
compounds, calibration curves were prepared with standard compounds and using the
equations, the concentration of the compounds in the samples was determined.

Comparative Analysis of Total Polyphenol Content (TPC) of the Extracts

The TPC of the extracts was determined using the Folin—Ciocalteu assay, as previously
described [16]. In brief, 0.1 mL of the diluted sample extract was mixed with an equal
amount of the Folin—Ciocalteu reagent. After 2 min of incubation, 0.8 mL sodium
carbonate aqueous solution (5% w/v) was added, and the solution was incubated for 20
min at 40 -C. Finally, the absorbance of the solution was measured at 740 nm. For the
expression of the results in gallic acid equivalents (GAE), a calibration curve was
prepared with gallic acid.

Statistical Analysis

All experiments were carried out three times and each sample was measured in
triplicate, and therefore the results are expressed as mean values of all measurements,
and variability of the results was expressed using the standard deviation (mean value
standard deviation). Statistically significant differences between control samples and
treated samples were evaluated with a t-test (after testing for normality of data with the
Shapiro—Wilk test) for p < 0.05, using SPSS (version 26) (SPSS Inc., Chicago, IL, USA)
software.

RESULTS AND DISCUSSION

Since A. carnea can be commonly found in many cities as an ornamental plant, the
valorization of its leaves in order to isolate bioactive compounds would be of high
interest [1,2]. The most common method to prepare an extract is ultrasound treatment.
However, PEF may have the potential to enhance the extraction yield, in an
environmentally friendly way. To this end, the combinatory efficiency of PEF prior to
ultrasound treatment was examined and optimized.
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Figure 1. Total polyphenols, TPC (mg GAE g~1dw), of the extracts after reaction with the Folin-

Ciocalteu reagent; Statistically significant differences are denoted with an asterisk (*) for p < 0.05;

Error bars denote the standard deviation of nine replicate analyses. In

order to assess the efficiency of the various solvents used for preparing the extracts of
the plant, as well as whether the use of PEF as a pre-treatment step can further assist
the extraction of bioactive compounds, the Folin—Ciocalteu assay was used. In this
assay, the polyphenolic compounds react with the reagent and yield products that can
be measured with photometers. In this context, the absorbance of the plant extracts
prepared with and without PEF, after reaction with the Folin—Ciocalteu reagent was
used as a criterion to evaluate and compare the performance of the various conditions.
Results are presented in Figure 1 and expressed as mg GAE per g of dry weight (mg
GAE g-1 dw). As indicated by the results, the control samples (prepared without PEF
pre-treatment) the optimum extraction solvent was the 30% ethanol in water mixture.
The rest of the solvents, the glycerol-water and the propylene glycol-water mixtures
yielded ~60% better results compared to plain water, but still less than the ethanol-water
mixture. As regards the pre-treatment of the samples with PEF (60 min), it can be seen
that, in the cases of water and ethanol-water mixture, the PEF pre-treated samples
yielded higher results, that were found to be statistically significant for p < 0.05. The
smaller increase (~4.6%) was recorded for the propylene glycol-water mixture, whereas
when plain water was used a 18% increase was recorded. However, the most notable
increase was recorded in the case of the ethanol-water mixture, where the yield of
polyphenolic compounds was increased by 33%. As regards the solvent used, they
were selected due to their potential to extract phenolic compounds. Ethanol, not only is
a commonly employed solvent for the extraction of polyphenolic compounds, but there
are also many reports that highlight the superiority of hydroethanolic mixtures over
water for the extraction of the compounds [17-19]. Glycerol is a naturally occurring
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compound that is also produced during biodiesel production, widely employed in food
industry [20]. Due to its hydrophilic properties, it can be dissolved in water, and is
considered as a more “green” alternative to ethanol. Glycerol has also been employed
for the extraction of polyphenols from various plants, and in some cases, glycerol—
water mixtures were found more efficient compared to ethanol-water mixtures [20-22].
Another polyol that has been studied for its potential for polyphenol extraction is
propylene glycol. It is a safe compound for human consumption and has been used for
the isolation of polyphenols from Camellia seeds [23], Medicago lupulina L. [24] and
others [25]. Among the solvents used, the presence of ethanol was found to be
beneficial. This is in accordance with previous reports [14,17-19,26,27]. A common
explanation would be that the presence of ethanol in the extraction medium decreases
the polarity of the solvent, rendering it more suitable to extract less polar compounds.
However, this is also the case with the examined polyols, rendering this explanation
insufficient to explain the observed results. Moreover, it would also be expected that
polyols would achieve a higher extraction efficiency, since they are capable of forming
more hydrogen bonds with the polyphenols, compared to ethanol [22]. The polyol-water
mixtures have increased viscosity, compared to plain water, since polyols, form an
extensive network of hydrogen bonds, ascribing them high viscosity [20]. Thus, although
the polyol-water mixtures are less polar than water and able to form more hydrogen
bonds with the polyphenols, they have lower permeability to the plant tissue, due to their
high viscosity. Ethanol addition in the water increases the permeability of cells, making
easier the transfer of the compounds towards the extraction medium. Finally, it
increases the heat conductivity of the solution, resulting in better heat transfer towards
the cells and as a result, enhances the overall extraction procedure [28]. Regarding the
use of PEF, there are previous studies that report increased extraction yield of
polyphenols after treatment of the samples with PEF [14,29-31]. However, this is not
always the case, since there are reports that the PEF treatment exhibits limited benefits
for the overall extraction. For instance, in the study of Pollini et al. [32] the PEF pre-
treatment of fresh apple pomace did not increase the extraction yield of polyphenol
compounds. Similarly, in the study of Carpentieri et al. [33] the use of PEF prior to
extraction of oregano and thyme with a hydroethanolic solution resulted in a nearly 7%
increase in the TPC. Therefore, our results highlight the benefits of PEF usage, as a
pre-treatment step to obtain extracts from A. carnea leaves that contain more
polyphenols.

Based on the abovementioned results, we further examined whether a shorter time of

184



PEF treatment (i.e., 30 min) would result in a similar content in polyphenols, compared
to the treatments for 60 min, using the optimum solvent system. However, at this point,
evaluation was based on individual polyphenolic components (presented in Table 1),
and not on the TPC, in an effort to examine whether there are differences among the
individual components, or if they all exhibit similar behavior. Representative
chromatograms of the extract are presented in Figure 2.

In the case of pretreatment with PEF for 30 min, the content of polyphenols in the

Table 1. Content of specific polyphenols in the extracts (expressed as mean values =+ standard

deviation of nine replicate analyses) extracted with US only (without PEF) and after pretreatment
with PEF for 30 or 60 min; Statistically significant differences are denoted with capital and small

letters for » < 0.05. |

Polyphenol Content (mg g—1)

Compound
Without PEF PEF 30 min PEF 60 min
Neochlorogenic acid 0.42 £ 0.034 0.52 £0.05°? 0.51 £ 0.06 2
Kaempferol 3-O-B-rutinoside 1814 22%£218 24 £3°
Kaempferol 3-glucoside 28 =24 35 £31 40 £ 44
Quercetin 3-O-galactoside 0.23 £ 0.024 0.29 £ 0.03 2 0.36 = 0.04 2
Quercetin 1.7 +024 24022 28%£03°%
Kaempferol 18+024 26 032 31032
Total identified 50.2 62.8 70.7

extract was found to be 62.8 mg g—1, whereas in the case of pretreatment with PEF for
60 min, the content of polyphenols in the extract was found to be 70.7 mg g-1. No
statistically significant differences (p > 0.05) were recorded for each examined
compound, between the different samples, signifying that pretreatment with PEF for a
shorter period is also able to achieve the same outcome, thus, further reducing the time
and cost of the extraction process, without having a toll on the total extraction yield.
Moreover, since no notable differences were recorded, it can be assumed that the PEF
pretreatment assists the extraction process in a non-specific way, without being affected
by the physicochemical properties of specific compounds (e.g., log Kow).
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Figure 2. Representative chromatograms of the A. carnea extract at (A) 320 nm and (B) 360 nm.

CONCLUSIONS

In this study, the benefit of using PEF as a pretreatment, prior to US extraction of
polyphenols from A. carnea was showcased. A significant enhancement of up to ~33%
was recorded when PEF was employed. This percentage was achieved using an
ethanol-water mixture as a solvent, which also enhanced the extraction of polyphenols,
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compared to plain water and polyol-water mixtures (i.e., glycerol and propylene glycol).
The individual compounds examined exhibited a similar extractability for different PEF
pretreatment times, suggesting a non-specific extraction mechanism, less dependent on
the physicochemical properties of the specific polyphenols. The above data suggest that
the proposed method can be used to enhance the content of polyphenols in the
extracts, in a cost-efficient way.
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ABSTRACT

Increasing the yield of extraction of bioactive compounds from plants is of high
importance. Grape stems are widely discarded during the wine making process,
despite their high content in many valuable compounds. The aim of this work was to
examine whether the use of pulsed electric field (PEF) treatment of the stems could
increase the yield of polyphenol and volatile compounds in the extracts. For this
reason, a relatively low energy consuming PEF process was employed (low electric
field strength, 1 kV/cm) for a short time (30 min) at the grape stems. In addition, the
effect of different solvents during this pretreatment step was examined. With the use of
Folin—Ciocalteu assay, the extracts were compared with the respective control samples
(not pretreated with PEF). Moreover, extracts were prepared to assess whether
changes occur to the volatile profile of the extracts. The results were conclusive that
not only PEF can increase the yield of polyphenols (up to 35% increase recorded),
but also that the solvent used during PEF pretreatment can affect the process.
Furthermore, a 234% increase in the total content of volatiie compounds was
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recorded, when PEF was used as a pretreatment step. Therefore, the combination
of PEF and ultrasound-assisted extraction is highly promising to obtain grape stem
extracts with a higher content of bioactive compounds.

Keywords: by-product; extraction; phenolics; pulsed electric field; ultrasonication; gas
chromatography—mass spectrometry

INTRODUCTION

Today, more than ever, there is a growing interest in sustainability, including, but
not limited to crop by-products. Consequently, adding value to biowaste is more
important than ever [1]. Considering and treating biowaste as a source of bioactive
compounds can result in significant benefits in terms of sustainability, as well as
major benefits to the food and beverage industries [2]. Grape stems are widely
known materials that are left over from grapes and wine-making. Every year,
millions of tons of waste are produced from the cultivation of grapes with only a
small percentage of them (<4%) remaining for the feeding of animals. Grape stems
represent about 5% of the waste from the process of wine-making, and in general,
the production of grapes [3]. Regarding the grape stems, researchers worldwide
have successfully identified their composition [4,5]. They mainly consist of water [6],
cellulose and hemicellulose, lignin, proteins, acids, sugars, as well as polyphenolic
compounds, particularly those derived from red grapes. The possibility of creating
value from the by-products of the abovementioned process has been studied by
several researchers [7-10]. For instance, Quero et al. [11] studied the
antiproliferative effect of grape stem extracts against three cancer cell lines.
Similarly, Leal et al. [7] studied the antioxidant, antimicrobial, anti-inflammatory, and
anti-aging properties of the grape stem extracts. Of all their components, phenolic
compounds are of great importance owing to their antioxidant, antibacterial, and
antifungal properties [12—15]. To this end, multiple extraction techniques have been
employed to prepare grape stem extracts, including solid—liquid extraction [16],
ultrasonication (US) [17], and pressurized liquid extraction [9]. However, to the best
of our knowledge, the pulsed electric field has not been employed to date. The
pulsed electric field (PEF) is a green extraction technique that has been used in
recent years to optimize the extraction process of precious substances [18-20].
PEF is an extraction technique, based on electropermeabilization, aiming at the
creation of pores in the cellular membranes, and thus, assist in the extraction of
compounds. Owing to its inherent advantages, PEF has been successfully
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employed for the improved extraction of polyphenols from citrus fruits [21], potato
peels [22], Sideritis raiseri [23], Merlot grapes [24], etc. Moreover, it has been
shown that the use of PEF in combination with ultrasound can increase the
extraction of phenolics from plant by-products [25]. The PEF is typically applied
prior to the ultrasound-assisted extraction as a pretreatment step. However, this
step does not exclude the release of ingredients from the raw materials during PEF
treatment. In particular, short-duration pulses between 100 ns—1 ms are used with a
voltage between 1 and 3 kV.

The present study aimed at investigating whether the use of PEF prior to the
ultrasound- based extraction of polyphenols from grape stems can enhance their
extraction, and to what extent. In addition, volatiie compounds contained in the
extracts were examined, since they are valuable molecules widely used in the food
industry. To this end, grape stem extracts were prepared, using the ultrasound
treatment. Moreover, PEF pretreated samples (with various solvents) were
subjected to the ultrasound treatment and compared.

MATERIALS AND METHODS

Chemicals

Folin—Ciocalteu reagent and all solvents used were at least of analytical grade and
purchased from Chem Lab (Zedelgem, Belgium).

Plant Material and Sample Processing

Grape stems from the Merlot variety were obtained from Kavala, Greece region. The
stems were collected in airtight bags and placed in a freezer during transportation. Prior
to further processing, stems were washed with deionized water and dried using paper
towels. Then, 30 g of stems were chopped into smaller pieces (between 45 and 50
mm). The stems were equally shared within 6 beakers (5.0 g in each beaker). Half of
the beakers were used to prepare the control samples and the others for the PEF
treated samples. Extraction was carried out in two steps. In the first step, grape stems
were immersed in a solvent and subjected to PEF treatment. In the second step, the
PEF treated and non-treated samples were subjected to ultrasonic extraction. More
specifically, three sets of experiments were carried out: (I) In one beaker, the stems
were left intact, without the addition of any medium. Simultaneously, the second portion
of stems was inserted into the PEF treatment chamber. After 30 min, the stems were
transferred into two Duran bottles (250 mL) and 50 mL of extraction solvent
(methanol:deionized water, 70:30 v/v) was added to fully cover the stems. (llI) For the
second experiment, another 5 g of stems were inserted in a 250 mL Duran bottle with
50 mL of deionized water. At the same time, 50 mL of deionized water with 5 g of stems
were added to the PEF treatment chamber. After 30 min (with or without the PEF
treatment), the solvent was retracted and subjected to further analysis. The stems in
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both cases were transferred to new containers and the extraction solvent
(methanol:deionized water, 70:30 v/v) was added. (lIl) For the third experiment, 5 g of
stems were inserted in a 250 mL Duran bottle and followed by the addition of a
methanol:water mixture (50:50 v/v). The same mixture of solvents along with 5 g of
stems was added to the PEF treatment chamber. Following the treatment, the solvent
was retracted (and subjected to further analysis) and the stems were transferred to new
beakers, where the extraction solvent (methanol:deionized water, 70:30 v/v) was added.
In all cases, after the addition of the final extraction solvent, the mixtures (solvent and
stems) were placed in an ultrasonic bath for 15 min. Each experiment was repeated
three times.

Instrumentation

The equipment used for the PEF treatment is provided in detail in our previous studies
[19,20,23]. In brief, the system was comprised of a high voltage power generator (Ley-
bold, LD Didactic GmbH, Huerth, Germany), a digital oscilloscope, a function/arbitrary
waveform generator, and a treatment chamber made of two stainless steel plates (10
cm length and 10 cm height) and 1 cm Teflon between them for isolation purposes. The
pulse duration used for the treatment of the samples was 1 ms and the frequency of the
pulses was 1 Hz. The wave type is a typical square wave with a maximum delay of 20
ns. Absorbance measurements were carried out at a Shimadzu spectrophotometer (UV-
1700, Shimadzu Europa GmbH, Duisburg, Germany). Ultrasound treatment of the
samples was carried out at a TRANSONIC 570/H (ELMA) unit, with a volume of 4.25 L,
frequency of 35 KHz, and HF peak of 320 W.

GC-MS analyses were carried out using an Agilent 6890 series GC System (Agilent
Technologies, Santa Clara, CA, USA), coupled to a 5975C MSD mass detector. A fused
silica capillary column (30 m 0.32 mm i.d. 0.25 ym film thickness (HP-5MS, Agilent
Technologies) was used for the separation of compounds, and helium was used as
carrier gas at a flow rate of 1 mL/min. The sample (1 yL) was injected using a split ratio
of 100:1. The injector temperature was set at 250 -C and the temperature of the transfer
line was set at 280 -C. The detector was operated at the ionization mode (El), using a
voltage of 70 eV, and spectra were recorded in the mass range of 40-550 amu. Oven
temperature was set at 70 -C for 0.5 min, increased to 100 -C with a rate of 8 -C per
min and remained for 0.5 min, and finally, increased to 250 -C with a rate of 5 -C per
min and remained for 15 min. The total run time was 49.75 min. Data were recorded
with the Turbomass 5.0 ChemStation software. ldentification of the compounds was
carried out using the NIST 11 library.

Measurement of Total Phenolic Content

The measurement of total phenolic content (TPC) is based on the oxidation of phenols
in an alkaline environment (Folin—Ciocalteu method) [26,27]. In a vial containing 7.9 mL
of deionized water and 500 pL of Folin—Ciocalteu reagent, 100 pL of the samples (as
mentioned in Section 2.2) were added. After mixing at a vortex for 1 min, 1.5 mL of
saturated Na2CO3 solution was added. A blank sample was prepared by substituting
the sample with deionized water. After mixing again in a vortex, samples were
incubated at 40 -C for 30 min. Finally, absorbance spectra were recorded in the range
of 500-800 nm and comparisons between samples were carried out by measuring the
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absorbance at 765 nm. Results were expressed as absorbance units (AU) and not as
equivalents of other compounds, with calibration curves.

Measurement of Volatile Compounds

Extracts of the control samples and the PEF treated samples (using methanol as
solvent), after ultrasound extraction, were dried using sodium sulfate. After filtering,
using syringe filters, 10 pyL of internal standard solution (3-octanol in pentane) was
added, and 1 pL of the sample was inserted into the GC—MS system.

Statistical Analysis

All of the experiments were performed in triplicates. Results are expressed as means of
all measurements (three replicate extractions x three analyses = nine total
measurements). Statistically significant differences were evaluated using ANOVA,
followed by Duncan’s multiple range test for p < 0.05. Statistical analysis was carried
out using SPSS (SPSS Inc., Chicago, IL, USA) software.

RESULTS AND DISCUSSION

Phenolic Content of the Extracts

To date, a significant amount of effort has been placed to examine the phenolic content
of extracts obtained solely by ultrasound treatment of plant mixtures and lesser effort to
study the effect of PEF treatment. In addition, studies focusing on the combination of
the two aforementioned techniques are insufficient and in short supply [25,28]. The
results obtained from PEF pretreated and non-pretreated samples subjected to
ultrasound extraction are summarized in Table 1. In accordance with the results, the
use of PEF without the aid of ultrasonication does not lead to notable changes in the
polyphenolic content of the extracts (the recorded increase in the TPC was <4% and
was not found to be statistically significant). This minuscule increase in the TPC can
possibly be attributed to the fact that even though the cell membranes are partially
damaged, the phenolic compounds cannot, yet, be released [25]. On the contrary, when
PEF was used as a pretreatment step, prior to the ultrasonication extraction step, a
notable increase in the polyphenolics contained in the extract was recorded. More
specifically, when 1:1 v/v methanol:water was used as a solvent, during the PEF
pretreatment step, a 17% increase in the polyphenolic content of the extract (after US
extraction) was recorded, compared with the non-pretreated sample. Similarly, when
water was used as a solvent during the PEF pretreatment step, the respective extract
contained 35% more polyphenols, compared with the non-pretreated sample with PEF
extract.
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Table 1. Absorption of samples, resulting from various treatments, using the Folin-Ciocalteu

method. Statistically significant differences (p < 0.05) are denoted with superscript letters; AU:
Absorbance units.

Solvent Used Extract from Extract from % Increase in
before PEF Treatment US Extraction the Control the PEF TPC
Treatment Beaker (AU) Bealker (AU)
only stems x v 0.081 £ 0.001°% 0.084 £ 0.002 3
50% v/v v x 0.053 + 0.001 2 0.055 + 0.001 % 4
methanol:water v v 0.086 £ 0.006%  0.101 £ 0.005b 17
v x 0.051 £+ 0.001 2 0.053 £ 0.001 % 4
waratar
v v 0.085 £ 0.005%  0.115 £ 0.005 P 35

In a previous study, a similar approach was employed to examine whether PEF
pretreatment can increase the TPC content of rosemary and thyme extracts, obtained
by ultrasound-assisted extraction [25]. In accordance with the authors, the use of PEF
as a pretreatment step was found to be beneficial in both cases. However, the PEF
pretreatment was found to increase the TPC of thyme extracts, compared with
rosemary extracts. In another study, the PEF pretreatment increased by nearly 15% of
the TPC content of almond extract (obtained by US-assisted extraction), compared with
PEF non-pretreated extract [28]. Therefore, in accordance with our results, it can be
concluded that not only PEF can be used as a pre-treatment step to maximize the
extraction yield of polyphenols, but the solvent used during the PEF treatment step, is
also of high importance to obtain the optimum extract.

Effect on Volatile Compounds

It is known that there are cases of wine-making in which stems are used to bestow the
wine with green and vegetal aroma [6]. Therefore, grape stems can be used as a
source to extract aroma compounds for further use in the food industry. In this context,
we examined whether treating stems with PEF, prior to the US-assisted extraction of the
volatile compounds, can also increase the yield of aroma compounds. Representative
chromatograms of the extracts are provided in Figure 1 and the results in Table 2. In the
samples extracted without PEF pretreatment, a total of six volatile compounds were
identified, whose total content was 0.73 mg/Kg. Regarding the extracts obtained using
PEF treatment, prior to the US-assisted extraction, a total of eight volatile compounds
were identified, whose total content was 2.44 mg/Kg. The new compounds identified
were 1,14-tetradecanediol and 1-methoxy-4-methyl-benzene. Therefore, PEF
pretreatment increased the total volatile con- tent of the extract by 234%. There are
even more pronounced increases for some individual compounds, such as 4-dodecanol,
whose content was increased by 2100%, and hexanedioic acid, bis(2-ethylhexyl) ester,
whose content increased by 716%. In all cases (except for 14- and 16-heptadecenal),
the content of each compound was found to be statistically significantly higher in PEF
pretreated samples. Therefore, our results highlight the superiority of PEF for use as a
pretreatment step. The composition of volatile components of the grape stems is an
understudied area, resulting in a lack of data regarding this topic. Hashizume et al. [29]
examined the volatile components of grape stems of the Cabernet Sauvignon and
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Chardonnay varieties and identified seven compounds. Similarly, Ruiz-Moreno et al.
[30] identified seven compounds in the Syrah variety grape stems. Since grape stems
can contribute unique aromas to the wines, further research should focus on the
determination of volatile profiles of grape stems to obtain wines with the desired
properties.
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Figure 1. Representative chromatograms of grape stem extracts obtained by ultrasound-assisted
extraction (blue chromatogram) and obtained by ultrasound-assisted extraction, accompanied by a
PEF pretreatment step (black chromatogram).

Table 2. Volatile compounds detected by gas chromatography-mass spectrometry in PEF treated and
non-treated samples. Statistically significant differences (p < 0.05) are denoted with superscript letters.

Compounds Control (mg/Kg) PEF (mg/Kg) % Increase
Phenylethyl Alcohol 0.04 £ 0.01¢ 0.10 £ 0.02b 150
Benzene, 1-methoxy-4-methyl- ND 0.07 £ 0.02 -
n-Hexadecanoic acid 0.10 + 0.03? 0.59 £ 0,09t 490
1,14-Tetradecanediol ND 0.39 + 0.14 -
4-Dodecanol 0.01 £ 0.01° 022 £ 001" 2100
Hexanedioic acid, bis(2-ethylhexyl] ester 0.06 £ 0.01¢ 0.49 + 005"t 716
14-Heptadecenal 0.13 £ 0.02% 015 £0.02°% 15
16-Heptadecenal 0.39 £ 0.09% 043 £0.05° 10
Total volatile content 0.73 2.44 254

CONCLUSIONS
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Grape stems are a natural by-product of the wine-making industry, which contains
valuable compounds. These compounds can be retrieved using various extraction
techniques, with the most common as ultrasound-assisted extraction. In accordance
with our results, the use of PEF as a pretreatment step can significantly enhance the
extraction of polyphenolic compounds from grape stems. Moreover, it was apparent that
the use of different solvents during PEF treatment of the stems can further increase the
yield of polyphenols. Similarly, PEF not only was found to increase the yield of volatile
compounds in the extracts, but also assisted in the extraction of two additional volatile
compounds, compared with bare ultrasound-assisted extraction-derived extracts. As a
concluding remark, the use of PEF as a pretreatment step in the extraction of various
volatile substances as well as polyphenolic compounds, in a very short period (30 min)
is a promising approach that can be utilized for the enhancement of the extraction
process. Furthermore, by studying other parameters of the extraction, such as
extraction solvents, time, and temperature, further enhancement of the extraction yield
can be achieved.
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ABSTRACT

Glycerol is the main organic by-product of the biodiesel industry and it can be a source
of carbon for fermentations or a substrate for biotransformations. This work investigates
a process that uses pulsed electric field (PEF) to enhance polyol and propanediols
extraction from a glycerol/glucose fermentation broth. Three different commercial, non-
Saccharomyces strains, Torulaspora delbrueckii Prelude (Hansen), Torulaspora
delbrueckii Biodiva 291 (Lallemand) and Metschnikowia pulcherrima (Lallemand) were
studied. The results revealed that PEF had a positive impact on the extraction of polyols
ranging from 12 to 191%, independently of fermentation conditions. Torulaspora
delbrueckii Biodiva 291 (Lallemand) was found to be more efficient at pH 7.1. An
optimized chromatography-based method for the qualitative and quantitative
determination of the formed products evaluated. The experiments were carried out
either in flasks or in a bioreactor.

Keywords: pulsed electric field, non-saccharomyces vyeasts, mannitol xylitol,
propanediols, glycerol
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Pulsed electric field (PEF) is a technique that has been used for extractions due to its
capability to cause disorganization of plant or microbial cells by disrupting membranes
and releasing cell metabolites from the inner to outer part of the cell (Tsapou et al., 2020).
The disruption of the cell membrane due to electroporation is caused by high intensity
PEF and leads to complex phenomena ranging from cell restructuring to cell death
(Delsart et al., 2012; Ntourtoglou et al., 2020). Electropermeabilization of cells must be
irreversible to cause inactivation of microorganisms. Electroporation was previously used
as nonthermal treatment of liquid foods to inactivate microorganisms (Alvarez et al.,
2003; Ntourtoglou et al., 2020; Tsapou et al., 2020). Biofuels represent a category of
fuels derived from biomass and include among others ethanol, biodiesel, green diesel
and biogas. Biodiesel is considered to be a great substitute for conventional petro-
diesel, which is a fast- depleting fossil fuel and for this reason is gaining worldwide
popularity (Yang et al., 2012; Monteiro et al., 2018). During the transesterification
process of the biodiesel production, approximately 10% of crude glycerol is formed
as a by-product. Utilizing the glycerol waste is of outmost importance not only due to its
potential to be used for the production of value added products but also due to the
high cost and environmental impact that is associated with its disposal. It is known that
a general ratio between biodiesel production and the amount of generated residual
glycerol indicates that for every 10 parts of biodiesel, one part glycerol is produced
(Mitrea et al.,, 2017). It is very important to convert crude glycerol into valuable
byproducts to control and improve the economic sustainability of biodiesel production.
Crude glycerol usually contains various impurities, such as water, methanol, soap,
fatty acids, and fatty acid methyl esters. (Luo et al., 2016). Traditionally, crude glycerol
was refined to pure glycerol, a useful raw material for industries, such as foods and
beverages, pharmaceuticals, cosmetics, tobacco, and textiles (Luo et al., 2016;
Samudrala, 2019). Different pathways, such as those involved in oxidation,
acetalization, esterification, dehydration, and others used in the refining process
yielding high added value products, can be obtained from crude glycerol (Aroua and
Cognet, 2020).

Recent studies have focused on the use of crude glycerol as carbon source in microbial
fermentations (Sadhukhan et al., 2016; Wischral et al., 2016; Mitrea et al., 2017). Many
yeast, bacterial, and fungal strains are capable of growing on glycerol used as carbon
source because this substrate can be both oxidatively and reductively metabolized
throughdehydrogenases or dehydratases (Mitrea et al., 2017). Some of the metabolic
compounds that can be obtained via microbial fermentation of glycerol are acetic,
lactic, propionic, citric, succinic, and oxalic acids, butanol, propanediols (1,3- and 1,2-
propanediol), polyols (mannitol, xylitol, arabitol), ethanol, dihydroxyacetone, single-cell
oil, biomass, and polyunsaturated fatty acids among others (Luoet al., 2016; Mitrea et
al., 2017). Some of the microorganisms that have already been studied in aerobic and
anaerobic fermentations with crude and pure glycerol as substrate are Clostridium
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beijerinckii, Escherichia coli, Lactobacillus rhamnosus, Enterococcus faecalis Yarrowia
lipolytica, and Lactobacillus brevis (Murakami et al., 2016; Sadhukhan et al., 2016;
Vivek et al., 2016; Wischral et al., 2016; Prabhu et al., 2020). In the wine and beer
industry selected non-Saccharomyces yeasts were observed to produce glycerol in
addition to ethanol and volatiles during alcoholic fermentation (Drosou et al., 2022).
However, most of works focused on ethanol production and sugar consumption and
some of them on biogenesis of volatiles. Glycerol and polyols were analyzed either
using enzyme assays or HPLC.

To increase the amount of the final products an electrotechnique (PEF) was used in the
post-fermentation extraction. High intensity of the fields induced by PEF have the effect
of cell membrane disruption. This disturbance of the architectural structure of the
membrane leading to a cell lysis for example or the fusion of protoplasts (Delsart et al.,
2012; Tsapou et al., 2020). This phenomenon has resulted in pore formation in cell
membranes and intercellular metabolites diffuse into the extracellular medium, due to a
critical value of transmembrane potential, around 0.8-1V (Zimmermann, 1986). The aim
of this work is the application of PEF in biotransformations by improving the extraction
of certain bioactive compounds. Another aim is to investigate whether the results are
associated with the efficiency of the fermentation process which is strongly influenced
by various factors, including microbial characteristics (strain- microrganism, medium
type and composition), as well as process parameters (e.g. power, frequency, electric
field strength), treatment time, pH and temperature. Analytical techniques are also
investigated. To conclude, studies under different operating conditions were made to
verify the potential impact of PEF on the extraction of bioactive metabolites with the aim
of optimizing the process to provide the optimum results for each application.

MATERIALS AND METHODS

Chemicals

Pyridine (Pyr), Acetic anhydride (AcOAc), diethyl ether (95%), anhydrous sodium
sulfate, toluene, and hydrochloric acid (HCL), were purchased from Chem Lab (Athens,
Greece). All reagents were of analytical quality. All the chemicals used for the
preparation of the medium, were purchased from Sigma Aldrich (St. Louis, MO, United
States).

Fermentation

. Yeast strains
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Three non-Saccharomyces yeast strains were used for the fermentation: 1. Torulaspora
delbrueckii Prelude (Hansen) (Prelude), 2. Torulaspora delbrueckii Biodiva 291
(Lallemand) (Biodiva), and 3. Metschnikowia pulcherrima (Lallemand) (Mets).

. Medium A

For the preparation of the synthetic medium for the main cultures, the following
ingredients were dissolved in 1 L of deionized water: 1 gI™1 of KH2PO4, 1 g1 of
K2HPO4, 2 gI™1 of (NH4)2S04, 0.2 glI™1 of MgS04.7H20, 0.2 gI™1 of ZnS04.5H20 and
yeast extract 1 gl™1. The medium was prepared the day of the fermentation 80 ml of the
abovementioned medium was prepared and transferred to 150 ml flasks which were
autoclaved at 121°C for 15 min. The cultures were initially inoculated with 1 ml of a 100
h pre-culture of the required strain (the concentration of the cells was calculated and
adjusted at approximately 10 *10° cells/ml). Cell counting was performed by
microscopy, using a CX60 microscope (Olympus Corporation, Center Valley, United
States) and a Thomas type hemocytometer. Viability was evaluated by the methylene
blue method, according to Lange et al. (1993) and Drosou et al. (2021). Optical density
(O.D.) for Biodiva and Prelude, were measured every day from zero time until the eighth
day of the fermentation at 600 nm with a UV-Vis spectrophotometer (UV- 1700
PharmaSpec, Shimadzu).

TABLE 1 Results from the Blank and the fermentation in which a PEF treatment was held before the extraction. The results presented in gL
pH =43 Difference pH=17.1 Difference

Compound Blank PEF Blank PEF

1,2-Propanediol, diacetate 0.04 0.11 +175% 0.11 032 +191%

1.3- Propanediol. diacetate 0.72 1.40 +04% 0.68 130 +01%
1.2,3.4.5-Penta-O-acetyl-D-xylitol 020 0.56 +180% 120 1.90 +38%
D-Mannitol hexaaceiate 017 0.19 +12% 0.69 0.93 +35%
Triacetin 3.89 6.21 +60% 511 6.32 +24%

Culture conditions for flask experiments

Fermentations were performed in 150 ml fermentation flasks which contained 80 ml of
synthetic medium A supplemented with 62.64 gl~1 pure glycerol and 20 gl™1 glucose.
Three different fermentation flasks were used each one containing one of the following
microorganisms. A) Torulaspora delbrueckii (Prelude), B) Torulaspora delbrueckii
Biodiva 291 (Biodiva) and C) Metschnikowia pulcherrima (Mets). The fermentations
were performed under constant stirring (750 rpm) and at 25°C. From the second day till
the fifth day 1 ml of pure glycerol was further added in each flask every 24 h. All
fermentations were performed in duplicate. The weight of each fermentation flask was
recorded daily; and the weight loss noted corresponded to CO, formation during the
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fermentation process. Samples were taken every 4 days to determine polyols. Polyols
were analyzed at the end of fermentation (day 12 in all cases). pH settings was between
43and 7.1.

Culture conditions for fermentor experiments

For the needs of these experiments, a custom-made bioreactor was constructed. The
bioreactor is comprised of three main parts.

Part 1: The first part was the main container of the bioreactor with a total volume of 2 L.

Part 2: On top of the main container mounted the lid of the bioreactor its outputs and
inputs (Figure 1), which is airtight when closed. The lid consists of six ports, three on
each side. All ports could be opened or closed at any given time.

. The two middle ports (3, 4) are connected and separated from the rest of the
system by a stainless-steel pipe.

. Within the liquid inlet, another stainless steel pipe is installed, as well as a
separate sieve assisting the separation in the sift of solid particles.

. To avoid the exposure of the thermometer to the reaction media, the
thermometer placed inside a stainless steel tube, containing a thermal conductive
media (glycerol, water, etc.)

Part 3: the third part was the stirrer also made out of stainless-steel (as exhibited on
Figure 1) which was positioned inside the main hole. The stirrer had two Rushton Type
5 impeller tubes, one on each side, with a 5-cm diameter each. The motor can reach a
maximum rotation speed of 200 rpm.

The total assembly in Figure 1 consisted of the bioreactor, an air pump, the PEF
equipment with the treatment chamber as described by Ntourtoglou et al. (2020), one
collector for the samples, and two peristaltic pumps that could push the fluid from the
bioreactor to the PEF treatment chamber and consequently from the chamber to the
sample collector. In order to evaluate the bioreactor system, 1 L of the synthetic
medium A enriched with 100 glL™1 glucose was prepared. The Torulaspora Biodiva was
initially pre cultured in the same medium and then 1 ml of this preculture was used to
inoculate the final medium in the bioreactor (concentration of the inoculum
approximately at 10 *106 cells/mL). The inoculum was added aseptically to the
bioreactor. Pure glycerol was added at a rate of 5 ml/24 h from the third day onwards
(Bioreactor Fermentation). The pH adjusted either at 4.3 or at 7.1 in two series of
distinctive experiments.
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FIGURE 1
Process unit.

Nominal Volume, V (L)
Working volume, VL (L)
Impeller speed, TS (m/'s)
Agitation speed, N (gmp)
Number of impeller
Impeller type

Medium height, MH (cm)
Impeller diameter, DI (cm)
Reactor diameter, DT (cm)
Reactor hight, HT (cm)
MILIDT

DLDT

Inoculum volume, Vx (0.1%)

PEF equipment

15
05
60.00

Rushton
105

20
10
212
030
0.001

The PEF equipment consisted of a high voltage generator (eisco, eshrrr 1,338 model),
an IGBT control that is used as a high frequency switch and a pulse generator (siglent,
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SDG 1032X model) that controls the IGBT. The maximum voltage for the IGBT is 1100
V so the experiments took place with 1000 V for safety reasons. A square pulse with
pick time 1 ms was created with a frequency of 1 Hz. The total treatment time was 30
min. The treatment chamber was a glass tube with 10 cm height and a diameter of 3
cm. Inside the tube, peripherally, there was perforated laminate stainless steel that took
the shape of the exterior cylinder and in the middle there was a stainless steel cylinder
with a diameter of 1 cm. The distance between the stainless steel cylinder and the
perforated laminate stainless steel was 1 cm. The positive charge was in contact with
the eccentric cylinder while the negative was joined with the peripherally perforated
laminate stainless steel cylinder.
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® 1000 T METS
E |
| ] S s
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l il PRELUDE
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400 i BIODIVA 291
200 I
o , L il .
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1,2-Propanediol, 1,3- Propanediol, D-Xylitol, D-Mannitol,
diacetate diacetate pentaacetate hexaacetate
FIGURE 2
Results of the first series of flask fermentation (evaluation of yeast strains). Means of compounds in mgL-" and standard deviations (n = 2)

Bioreactor combined with PEF extraction

For the fermentation and PEF extraction, the synthetic medium was enriched with 62.64
gl™1 pure glycerol and 20 g1 glucose. Pure glycerol was added at a rate of 1 ml/24 h
for 4 days. Two bioreactors with 1 L medium and cells, as working volume, were
cultured batch-wise for each pH value, one as the blank and the other consisted of a
PEF treatment performed before the extraction of fermentation products.

Sample preparation for GC/MS
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20 ml of each sample was centrifuged twice at 18.33 m/s for 10 min to separate the
phases (Hermle Z200A, Milan, Italy). Five milliliters of the supernatants were condensed
in a flash evaporator (IKA RV 10) until a final concentration of 100 mg. Then the
samples were mixed with Pyr and AcOAc at concentrations of 1,000 ul each, and left for
24 h in 63°C. After that, samples were extracted twice with 20 ml of diethyl ether and
washed with 2 ml of 5% HCL and 1 ml of deionized water in a separation funnel. The
organic layer was washed twice with 5 ml of distilled water dried over anhydrous sodium
sulfate and filtered. Two milliliters of toluene were added twice to remove traces of Pyr
and condensed until a concentration of =150 mg was achieved. Finally, 100 pl of
dichloromethane was added to the samples from which 1.0 yL was used for GC/MS
analysis. The results of all batches were presented in gL-1 and calculated by a standard

triacetin curve.
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l r NAD i phosphate
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D-mannito phosphate | L it....
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....... goonened
HK: hexokinase XDH
MDH: mannitol dehydrogenase ~ ________ |
XSPE: xylulose-5-phosphate ' . -
XDH: xylulose dehydrogenase | D-xylitol
FIGURE 3
The pentose phosphate pathway and other metabolic routes for polyol production with glucose carbon source.

Gas chromatography/mass spectrometry analysis

The apparatus was an Agilent 6,890 series GC System (Agilent Technologies, Santa
Clara, United States), equipped with 5975C VLMSD and an Agilent MG-HT-1 fused
silica capillary column that was 30 m x 0.32 mm interior diameter (i.d.) x 0.25 ym film
thickness. Moreover, samples were injected in a split ratio of 50:1. The injector
temperature was set at 180°C, the carrier gas was helium at a flow rate of 1 ml/min, and
the oven temperature was set initially at 50°C and was increased to 200°C at a rate of
10°C/min and maintained for 5 min. The temperature of the transfer line was set at

209



280°C. The mass spectrometer was operated in the ionization mode (El) at an
ionization voltage of 70 eV over masses ranging from 40 to 550 amu and a manifold
temperature of 270°C. Data were recorded with Turbomass 5.0 ChemStation software
(Agilent).

Statistical analysis

Standard deviations were carried out with Excel 2013 (Microsoft, Redmond,WA, United
States).

RESULTS AND DISCUSSION

One of the objectives of this study was to optimize chromatography-based methods for
polyol identification and quantification. After derivatization, using acetic acid anhydride,
to synthetize polyols esters and Gas Chromatography coupled with Mass
Spectrophotometry (GC-MS) seemed to be a powerful tool for polyol analyses in
fermentation samples with or without residual sugars.

To evaluate the PEF technique as a downstream process in the extraction of products,
more accurate product identification and analysis was necessary. From one point of
view Gas chromatography/mass spectrometry (GC/MS) is an analytical technique,
which gives accurate identification of the results. The conversion of products into their
acetate esters provided an opportunity to be analyzed in more detail using with GC/MS
(Table 1). From another point of view polyol esters are easily dissolved in organic
solvents, thus, the extraction method used for the acetate esters combined with the PEF
technique as a rapid “green” extraction technology was evaluated through the steps of
microbial fermentation. Three strains of non-Saccharomyces yeasts were used to for
the conversion of pure glycerol in biodiesel production.

Fermentation in flasks for optimal pH determination

From the first batch of fermentations, it was observed that all three strains were capable
of producing propanediols and polyols during fermentation with glycerol (Figure 2).
Concerning the efficacy of the fermentation at different pH levels, higher results for all
strains were obtained in neutral pH. Mannitol and Xylitol are the polyols produced
directly from glucose via its isomerization to fructose and they need the NADH/NADH,
cofactor. As a result, a short aeration period is needed at the beginning of fermentation
to avoid the displacement of NADH/ NADH, equilibrium. In a previous work of Mbuyane
et al.(2018), three strains of Torulaspora delbrueckii were used to
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produce polyols in a synthetic grape juice-like medium containing 120 gl~1 sugars. The
results demonstrated that all strains were capable of producing polyols, such as d-
arabitol, d-mannitol, d-xylitol, d-sorbitol, and ribitol. Previously Onishi and Suzuki (1968)
stated that high concentrations of nitrogen sources and KH2PO4 in the medium
remarkably decreased mannitol yield in spite of good utilization of the substrate using
Torulaspora. Mannitojuciens. The produced mannitol was in yield of 31% consumed at
optimal condition. They also stated that using washed yeast cells for the fermentation
process gave much higher mannitol yield. Except for the carbon source, oxygen
availability also studied during polyols production yield. Khan et al. (2009) investigated
the production of mannitol from glycerol by resting cells of Candida magnolia and
showed that oxygen availability influences positively the conversion, while potassium
phosphate and excessive quantity of resting cells has a negative result. Lee et al.
(2003), mentioned that Candida magnoliae produced mannitol using a mixture of
fructose and glucose, as carbon source, with a yield of 83%. They specifically achieved
a production of 213 gL-1 mannitol in the fed- batch fermentation of C. magnoliae using a
glucose:fructose mixture at a ratio of 1:20. C. magnoliae is also reported to produce
glycerol (Sahoo and Agarwal, 2002), erythritol (Koh et al., 2003) and xylitol (Tada et al.,

2004), using different substrates and at different fermentation
conditions.
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FIGURE 4

Evaluation of gancumpiion, of glycerin. Results of triacetin of (A) flask fermentation and (B) bioreactor fermentation, at pH 4.3 and 7.1. Means of

triacetin in mgl~! and standard deviations (n = 2)
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In the present study, xylitol was produced from all examined strains under both acidic
and neutral conditions, while mannitol was detected only at neutral pH for Mets and
Prelude fermentation and at both pH for Biodiva.

As the carbon source is not just glycerol but also a mixture of glycerol and glucose, it is
normal to find all polyols present either from the glucose-fructose pathway (Figure 3) or
from glycerol (propanediols). In addition, the influence of pH cannot be predicted and is
derived from each experiment with different osmophilic yeasts.

The initial concentration of glycerol for all fermentations for this series of experiments
was 62.64 gl™1. Comparing the concentrations of triacetin at the end of fermentation
(Figure 4A), showed that the three strains were capable of consuming it as an energy
source. Mets had the highest consumption while showing the lowest concentrations of
1,3-propanediol, mannitol, and xylitol. In Biodiva fermentation, higher amounts of the
same products were analyzed, while having the lowest consumption efficiency of
triacetin at 93% compared with the two other species (Figure 2). In Prelude
fermentation, equal amounts of both glucose and triacetin were detected, a fact that
might indicate that this strain needs more than 1 week of fermentation to yield the
corresponding results.

200 . y
150 i - =
100 |
50 |
0 |
1,2-Propanediol,diacetate 1,3- D-Xylitol, pentaacetate D-Mannitol,hexaacetate
Propanediol diacetate
BIODIVA 4.3 mBIODIVA 7.1
FIGURE 5
Results of bioreactor fermentation (evaluation of yeast strain in various pH). Means of compounds in mgL-? and standard deviations (n = 2).

Mannitol and xylitol were quantified at higher concentrations in Biodiva samples.
Specifically, for acidic pH, xylitol was found to be approximately five times higher in
Prelude and Biodiva when compared with Mets. On the other hand, in a neutral pH,
these two polyols were found at levels approximately fifteen times higher than in Biodiva
and six times higher than in Prelude when compared with Mets.

212



Concerning mannitol in an acidic pH, was found at a concentration of 0.18 gl~1 only
after Biodiva fermentation. In a neutral pH, all strains were found to have mannitol, with
the highest concentration (0.76 gl™1) in Biodiva samples (Figure 2).

Both propanediols, 1,2- and 1,3-propanediol, were analyzed from all three strains at
both pH values. 1,3- Propanediol had a higher concentration than 1,2- propanediol in all
fermentation products. In Mets fermentation, the concentrations did not show much
difference according to pH. In contrast, for Prelude and Biodiva, higher amounts of 1,3-
propanediol were found at neutral pH. The higher concentrations found in Biodiva were
0.95 and 0.74 gI™1 at pH values of 4.3 and 7.1, respectively, for 1,3-propanediol and for
1,2-propanediol quantified in 0.15 and 0.04 gl™1 for pH 4.3 and 7.1, respectively. In the
eighth day of fermentations (end time point), dry weight was measured for Biodiva and
Mets and it was found to be 400 and 328 mg respectively. According to the results,
Biodiva modified the medium into valuable products in higher amounts during a 1-week
fermentation

period.
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Fermentation in bioreactor

In order to scale up the fermentation, validate the pH of medium composition, and the
source of the carbon, bioreactor cultivations were carried out in a 2.00 L scale bench
bioreactor with 1 L working volume. The process conditions were identical as in the
shake flask studiy except for the aeration. The aeration rate was maintained at 2.0
L/min for the first 72 h and then stopped. Two separate batch fermentations were ran,
with the Biodiva strain. One at pH 4.3 and using glucose/glycerol as the carbon sources
and the other at pH 7.1 with the same carbon substrates. The time course profiles for
both fermentations were similar to that of the shake flask cultivations. Glycose is the
most preferred carbon source for Biodiva and in the presence of glycerol the uptake of
xylose was repressed as evident in Figure 2 and Figures 5, 6. NADP/H2 availability is in
most cases a rate-limiting factor in the reduction of xylose to xylitol. There are three
ways that microbial cells produce polyols.

The first is a direct hydroxyl elimination leading to purivate derivatives propane diols, the
second is an isomerization of glycose to maltitol and other polyols and the last one is
from ribulose 5-phosphate, as shown in Figure 2. In the work of Tavares et al. (1999) it
is shown for the first time that xylitol production by the yeast Debaryomyces hansenii is
not only a result of a redox balance usually occurred under poor aerobic conditions, but
also that there are additional physiological mechanisms involved, mainly from
phosphate
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FIGURE 7
Time course profiles of (A) fdetschinikowia pulcherrima and (B) Temyaspora delhrugeli on ODsee, for flask cultivation. Means and standard
deviations (n = 2).

In the next series of experiments, the bioreactor was used for the Biodiva fermentation
process in the glucose-glycerol medium to allow the first step for the scale up of the
production polyols from laboratory bench to industrial levels (Figure 4). In this batch, the
medium contained 100 gl™1 of glucose and 23.2 gI~1 of glycerol. From Figures 4,7, it
was concluded that the consumption efficiency of glycerol was 93% for neutral pH and
95% for the acidic pH. The concentration of triacetin in addition to the initial
concentration of glycerol was lower when compared with the results from the shake
flask studies, indicating that the consumption of glycerol at acidic pH was higher, but the
amounts of polyols were lower when compared with neutral pH. Better results were
obtained again at neutral pH.

Specifically, for propanediols, their concentrations were almost the same with no
significant difference at either pH values. As a sum, their concentrations were lower with
the flask fermentation (for Biodiva), 0.38 gl™1 and 0.39 gI™1 for acidic and neutral pH
values, respectively, while in flask fermentation, the concentrations were 0.99 gl*1 and
0.89 gI™1, respectively. In polyol production, an increase in this batch was noted, which
was lower for mannitol and higher for xylitol, and at neutral pH yielded better results for
both polyols. As a sum of the concentration of these two polyols and after comparing
flask and bioreactor fermentation, an increase in the results from bioreactor
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fermentations was found. Particularly, in acidic pH, the increase was 42.8%, while in
neutral pH the increase was 20.4%.

Application of PEF for increase the extractability of polyols

For the last experiment, a third batch was examined. At both neutral and acidic pH
levels, the concentration of valuable compounds in the PEF samples were higher. Most
of the metabolites are intracellular, such as polyols (Kasumi, 1995), and this is the main
reason of the evaluation of PEF, to enhance polyol extraction from a glycerol/glucose
fermentation broth. The most important difference was found between the blank and
PEF samples with percentages ranging between 191 and 12%. Specifically, the
percentage of mannitol in neutral pH was improved by 35% after the PEF treatment and
in acidic pH by 12%. Finally, from the initial amount of glycerol that was added at the
start of the experiment, an average of 91% was consumed with the highest value in
acidic pH in the blank and lowest in neutral pH in the blank. The highest concentration
of triacetin in both PEF samples was normal because the yeast cells produce glycerol to
maintain a stable osmotic level. It is well known that during PEF treatment, the cell
membrane expands and the products that are trapped inside the membrane escape into
the environment (Angersbach et al., 2000).

CONCLUSION

In conclusion, it was demonstrated that the use of PEF could increase the yield of the
fermentation products of three non-Saccharomyces yeast strains using glycerol/glycose
as a carbon source. The experiment was performed both at small volumes (flasks) and
at bioreactors (as an up-scaling process). Between the three non-Saccharomyces
yeasts, Biodiva 291 (Lallemand) (Biodiva) was the strain which seemed to be more
efficient in the biotransformation process. According to our findings, the PEF-treated
samples showed higher concentrations of compounds in both acidic and neutral
environments. The PEF treatment was shown to enhance the concentration of
compounds after fermentation from 12 to 180% in an acidic environment and from 24 to
191% in a neutral environment. Specifically xylitol has an increase of 180% in acidic pH
and 1,2- propanediol has an increase of 175 and 191% in acidic and neutral pH
respectively. From our results, we can reach the conclusion that the PEF treatment aids
and enhances the isolation of the fermentation products. Therefore should be
suggested that this technique has the potential to be used for industrial applications and
should be further investigated.
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